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ABSTRACT
This dissertation demonstrates the dry contact transfer of atomically precise
graphene nanoribbons onto H:Si(100) under ultra-high vacuum, detailed electronic
characterization, and electron-mediated polymerization of graphene nanoribbon
precursors into polyanthrylene.
Detailed scanning tunneling microscopy (STM) and scanning tunneling spec-
troscopy (STS) measurements provided high-resolution imaging and reveal a 2.76
eV bandgap for chevron graphene nanoribbons. It was also discovered that tun-
neling to the substrate influenced STS measurements. STM and STS studies of
two additional GNR geometries, the extended chevron GNR (eGNR) and the hy-
brid GNR (hGNR) elucidate how structural modification alters the bandgap of
GNRs. The increased lateral extension of the eGNR was found to result in a
bandgap of 2.66 eV. The hGNR bandgap was found to be 1.8 eV, in agreement
with computational modeling.
The hypothesis that positional control over graphene nanoribbon synthesis
could be achieved by tip-induced polymerization was explored. While the ther-
mal self-assembly of 10,10-dibromo-9,9-bianthracene (DBBA) into N=7 armchair
GNRs was previously demonstrated, the electron-mediated formation of polyan-
thrylene (GNR intermediate) formation was not previously shown. The STM
experiments suggest that when the DBBA is thermally annealed to form a close-
packed zigzag structure, an STM tip can be used to drive a de-bromination re-
action which is followed by polyanthrylene formation, demonstrating a key step
towards positional control over GNR synthesis.
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The International Technology Roadmap for Semiconductors highlights the un-
certainty for the sub-7 nm node and beyond because of challenges that arise as
transistor components are scaled down to just a few nanometers in length. Intel
has already announced that it will no longer use silicon and is exploring alter-
native materials.3 Ideal materials are chemically stable, allow for fast switching,
minimize leakage current, and can be manufactured with very high uniformity
at size scales relevant for the end of the roadmap.52 2D materials are poised to
overcome scaling limits. For example, the predicted 5 nm gate length limit25 for
conventional materials has been exceeded through the demonstration of a 1 nm
effective gate length MoS2 transistor.
23 Carbon materials such as graphene, car-
bon nanotubes, and graphene nanoribbons (GNRs) may play an important role
due to their small sizes and remarkable properties. GNRs are atomically thin, less
than a few nanometers wide, and are of the right size scale to operate at the end
of the roadmap. GNRs are particularly promising because they are predicted to
achieve charge carrier mobility on the order of 103 - 105 cm2/Vs while maintaining
bandgaps of 0.3-1.0 eV, allowing them to potentially exceed the performance of
current materials.17 In contrast to most materials, graphene nanoribbons can be
synthesized with atomic precision pushing towards the ultimate limits of nanofab-
rication and electronic devices.
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1.2 Scanning Tunneling Microscopy
Scanning tunneling microscopy is uniquely suitable for studying graphene nanorib-
bons due to its ability to achieve atomic resolution imaging and high spatial res-
olution electronic measurements. In constant current mode, an atomically sharp
metal wire is scanned over a surface, and the tip-sample separation is adjusted to
maintain a constant tunneling current. The height adjustments are recorded to
produce a topographic image of the surface.15
The scanning tunneling microscope can be used to measure the electronic prop-
erties of surfaces. When a positive bias is applied to the sample and the tip is
grounded, electrons from the filled states of the tip will flow into the empty states
of the sample. For negative bias, electrons leave the filled states of the sample and
enter the empty states of the tip. The tunneling current, I, is proportional to the
overlap between empty and filled states as shown in equation 1.1 below where V
is the sample bias EF is the Fermi level, ρS is the density of states of the sample,
ρT is the density of states of the STM tip, and M is the tunneling matrix that




ρS(EF − eV + ε)ρT (EF + ε)|M(ε)|dε (1.1)
dI
dV
≈ ρS(EF + eV )ρT (EF ) (1.2)
The tunneling conductance dI/dV can be numerically calculated or measured
with a lock-in amplifier. Under the assumption that the tip density of states and
the transmission probability remains constant, the tunneling conductance dI/dV
is directly proportional to the local density of states of the substrate.
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1.3 Graphene Nanoribbons
Theoretically, graphene nanoribbons are expected to have bandgaps inversely pro-
portional to their widths. Qualitatively, this can be understood as removing large
scattering vectors in real space which is equivalent to removing the k points close
to the Dirac point as shown in Figure 1.1. The electronic structure of graphene
nanoribbons also has a strong chirality dependence analogous to the electronic
structure of carbon nanotubes.36, 38 Analytical tight binding models11, 55 predict
that straight armchair graphene nanoribbons of the family N = 3m+ 2 where N
denotes the number of carbon atoms that define the width of the GNR and m is an
integer are metallic. Armchair GNRs of the family N = 3m and N = 3m+ 1 are
predicted to be semiconductors. First principles modeling of graphene nanorib-
bons makes further refinements to the predicted behavior of graphene nanorib-
bons. Due to a small change in the bond lengths at the edges of GNRs, a small
bandgap opens up in armchair GNRs of the family N = 3m+ 2.66
Tight-binding calculations predict that zigzag graphene nanoribbons are semi-
conducting and magnetic.66, 67 Recent progress in the fabrication of atomically
precise zigzag GNRs has experimentally confirmed their semiconducting behav-
ior.51, 62, 80 In contrast to carbon nanotubes which have a continuous boundary
condition along the lateral direction, graphene nanoribbons have edges that lead
to a unique band structure. While a single zigzag edge along part of a graphene
sheet has a highly-localized edge state at the Fermi level, for zigzag nanoribbons
electron-electron interactions lead to magnetic ordering and energy splitting be-
tween the edge states.66 If no magnetic ordering took place, the two graphene
nanoribbon edges would have edge states of equal energy at the Fermi level.28, 55
Because the density of states at the edge is very high, even a small energetic
gain from the alignment of the spins leads to magnetic ordering.28, 66, 67 Since
the opposite edges have atoms that belong to two different sublattices, the two
bands split in energy, opening a bandgap in zigzag graphene nanoribbons. Arm-
chair graphene nanoribbons do not have a doubly degenerate localized edge state
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near the Fermi level and are not magnetic. The electronic properties of graphene
nanoribbons vary strongly with nanoribbon width and chirality and thus, atomic
precision is necessary to reach the full potential of graphene nanostructures.
1.4 Graphene Nanoribbon Synthesis
A variety of approaches towards fabricating graphene nanoribbons have emerged,
which can be divided into top-down and bottom-up approaches. The top-down
methods consist of conventional semiconductor fabrication techniques such as
lithographic patterning of a polymer resist followed by chemical etching of an
underlying sheet of graphene.30 Top-down lithography and chemical etching can
indeed produce narrow semiconducting nanoribbons. However, the width and
band gap vary largely along the GNR length.46 Poor control over width and
chirality is also an issue for graphene nanoribbons grown on narrow strips of cop-
per or nickel.16, 39 STM-induced etching of graphene nanoribbons provides some
control over the crystallographic orientation but edge roughness remains on the
order of several atoms.51, 57, 69 Even with advanced e-beam lithography that uses
block copolymer photoresists to achieve sub-10 nm resolution, control over the
electronic properties of the nanoribbons is not achieved.35 The bottom-up ap-
proach towards graphene nanoribbon synthesis has included ultracentrifugation
of nanoribbons from chemically exfoliated graphite,45 bottom-up unzipping of
carbon nanotubes,37, 44, 79 and the formation of narrow nanoribbons in-between
SiC facets during the formation of free-standing graphene on SiC(1000).83 While
many of these techniques overcome limitations in top-down lithography, there is
a lack of atomic-scale control. In 2010 Cai et al. demonstrated the bottom-
up self-assembly of atomically precise graphene nanoribbons from halogenated
aromatic precursors.14 At the time there had already been extensive research
on the formation of aromatic networks on noble metal surfaces27, 29, 53, 71 with
major efforts focused on strategies towards controlling the ordering of covalent
organic networks. Achieving long-range order in two-dimensional networks is dif-
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ficult however some early success included the formation of formation of porous
phenylene networks.6 Nanoribbons are made atomically precise using molecular
building blocks that link up to form one-dimensional chains. The synthesis was
first demonstrated with the molecule 10,10-9’9- dibromo-bianthryl (DBBA) that
forms N=7 armchair graphene nanoribbons (7A GNRs) and 6,11-dibromo-1,2,3,4-
tetraphenyltriphenylene which forms chevron graphene nanoribbons.14 The syn-
thesis of 7A GNRs from DBBA is shown in Figure 1.2. The molecules are de-
posited onto a gold surface and heated at 200 °C to allow C-Br bonds to cleave.
The radical species covalently link to form polyanthrylene chains. A second ther-
mal annealing step at 400 °C leads to cyclodehydrogenation, where additional C-
C bonds are made and inner H atoms are removed to form hydrogen-terminated
graphene nanoribbons.8
1.5 Chemical and Structural Modification of Graphene
Nanoribbons
Following the synthesis of the N=7 armchair GNR, several groups have experimen-
tally determined that the bandgap of a GNR could be tuned by changing its width.
So far N=5,42 N=7,14 N=9,68 N= 13,20 N=14,33and N=15 AGNRs1 have all been
made on noble metal substrates. Interestingly the N=5 armchair GNRs show the
predicted metallic behavior expected for the 3p+2 armchair family of GNRs.42
More recently zigzag edged graphene nanoribbons have been synthesized.62 Only
the N=9 ZGNR has been demonstrated so far, because of the difficulty in finding
a precursor that can polymerize along the zigzag direction. It should also be noted
that 7A GNRs of finite length have zigzag edges at their ends, which show signifi-
cant energy splitting indicating the formation of spin-polarized edge states.80 The
electronic properties of the graphene nanoribbons can be further tuned by chang-
ing the doping of graphene nanoribbons. Nitrogen,75, 76 boron,21, 40 and sulfur58
have been incorporated into the structure of graphene nanoribbons by substitut-
ing the dopant species of interest with carbon atoms in the halogenated aromatic
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precursors. Increasing the amount of nitrogen in a graphene nanoribbon makes
the material increasingly n-type.12 In silicon, boron provides acceptor states that
increase the hole concentration to create a p-type material. However, B-doped
7-AGNRs that feature two boron atoms per precursor molecule have dopant con-
centrations as high as 1014 cm-2, leading to a mid-gap impurity band that sits
above the Fermi level with a density of states comparable to the conduction and
valence bands of the pristine 7A GNR.21 In graphene nanoribbons, dopant atoms
can drastically modify the electronic band structure of the graphene nanoribbon.
While the bandgap, and to some extent doping level of graphene nanoribbons12
can be tuned, the ability to tune the effective mass of a graphene nanoribbon
is also desired. The general expectation is that as the width of the graphene
nanoribbon increases, the intrinsic behavior of graphene is recovered and the
effective mass decreases at the expense of a decreasing bandgap. Decreasing the
effective mass while maintaining a large bandgap may be desirable for electronic
devices. Changing the geometry of the graphene nanoribbon has been the primary
avenue for this pursuit. Examples of geometry modification include combining
precursors to make graphene nanoribbon heterojunctions,19 adding fluoranthene
subunits62 or engineering defects such as 4 or 8 membered rings into graphene
nanoribbons.49 While analytical models capture to first order the behavior of
armchair and zigzag graphene nanoribbons, first principle modeling using density
functional theory has been able to classify the properties of large classes of chiral
nanoribbons that consist of a mixture of armchair and zigzag edges.60 Following
this work, the cove-type graphene nanoribbon has been identified to have a low
effective mass while maintaining a high bandgap, making it attractive for GNR
transistor applications.48
Chevron graphene nanoribbons have 2.8 eV bandgaps, flat bands and a high
effective mass.18, 81 If the structure of a chevron graphene nanoribbon can be
modified, perhaps its electronic properties can be enhanced. This thesis will
show the electronic characterization of extended chevron graphene nanoribbons
to show how increasing the width of the ribbon at only a few sites gently perturbs
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the electronic structure. Additionally, hybrid GNRs, which can be visualized
as a chevron nanoribbon with additional carbon atoms linking the elbow sites
are studied, showing how the electronic structure of chevron nanoribbons can
be greatly altered. These new graphene nanoribbons have not been previously
characterized. Building a knowledge base of geometry modification is one of the
major steps towards better understanding how to tune the properties of GNRs.
The graphene nanoribbons mentioned above are shown in Figure 1.3.
1.6 Placing Graphene Nanoribbons onto Nonmetallic
Surfaces
While a large variety of graphene nanoribbons have been synthesized, spectro-
scopic measurements have been limited by interactions between graphene nanorib-
bons and surface states.58, 62 For zigzag graphene nanoribbons on Au(111) the
edge states are not measurable with scanning tunneling spectroscopy unless the
GNR is placed on top of an insulating NaCl layer.62, 80 Another method for
decoupling graphene nanoribbons from the metal substrate is to form a gold
silicide underneath the nanoribbons.22 There are cases where scanning tunnel-
ing spectroscopy readily identified peaks in the density of states of a graphene
nanoribbon,19 however, substrate screening modifies the bandgap of the graphene
nanoribbons by several tenths of an eV due to strong excitonic effects in con-
fined systems.41, 56, 70 Graphene nanoribbons on a monolayer of NaCl still show
a significant bandgap change demonstrating the importance of placing graphene
nanoribbons onto a nonmetallic substrate to recover their intrinsic properties.41
Transferring nanoribbons onto a substrate such as H:Si(100) facilitates spectro-
scopic characterization, but may also pave the way towards prototyping GNR
transistors. There has been an active effort in demonstrating bottom-up self-
assembly of graphene nanoribbon precursors directly on non-metallic substrates.
So far the formation of polyanthryelene on Ti(100)84 and the dimerization of GNR
precursors on H:Ge(100) has been shown, but the substrates could not catalyze
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a cyclodehydrogenation reaction and nanoribbons were not formed.59 Narrow
armchair nanoribbons can be grown directly onto semiconducting Ge(100) and
Ge(111) substrates from methane gas but without atomic level control over GNR
width, resulting in bandgap variability.34 There is a significant need to cleanly
transfer nanoribbons onto a semiconducting or insulating surface. Wet transfers
methods that involve etching of gold on mica growth substrates leave residue and
contamination that degrade device performance.5 The Lyding group has previ-
ously developed an ultra-high vacuum dry contact transfer (DCT) technique that
places carbon nanotubes2 and graphene nanoflakes61 onto atomically clean semi-
conducting substrates under ultra-high vacuum. The dry contact transfer process
has been used for detailed electronic characterization of graphene nanoribbon
edges,61 providing critical experimental evidence on the role of edge structure.
This thesis extends the dry contact transfer process to atomically precise graphene
nanoribbons.
A fiberglass applicator is coated in graphene nanoribbon powder, degassed un-
der UHV for 8-16 hours to remove solvent molecules, and then the applicator is
pressed against a surface to exfoliate individual nanoribbons onto the sample sur-
face. The graphene nanoribbon powders are made in gram scale quantities via so-
lution synthesis by the Sinitskii group at the University of Nebraska-Lincoln.74, 73
Hydrogen terminated GNRs with no surface-ligands are made using solution syn-
thesis, paving the way towards scalable manufacturing of graphene nanoribbon
devices. Major challenges such as positioning, alignment, and electronic character-
ization remain. Dry contact transfer can cleanly place nanoribbons onto device-
relevant substrates and also provides a venue for obtaining detailed electronic
characterization of solution-synthesized nanoribbons, which was not previously
possible due to problems with solvent residue.73 The chevron graphene nanorib-
bon was chosen because it had already been well-characterized and studied, and
could be compared to chevron graphene nanoribbons formed via on-surface poly-
merization.77
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1.7 Graphene Nanoribbon Alignment and Positioning
A major barrier to the study and use of graphene nanoribbon devices is a lack
of control over the positioning and alignment of graphene nanoribbons. Bottom-
up synthesis typically results in random nanoribbon orientation and position.
Ultimately atomic-scale control over nanoribbon position may be needed since
transport through graphene nanoribbons is sensitive to the atomic details of the
contact.43, 72 Using the substrate as a template for constraining the orientation of
the graphene nanoribbons offers some degree of control. So far, aligned graphene
nanoribbons have been grown parallel to the step edges of miscut single crys-
tals of gold, such as Au(788).47 On Ge(100) semiconducting armchair graphene
nanoribbons (lacking atomic precision) grow primarily along <110> directions.34
Another promising avenue is attempting to locally drive the chemical synthesis
of GNRs using an electron beam from an STM tip. While the STM is primarily
used for imaging, the STM probe can also be used to interact with the surface.
Tunneling electrons have been used to drive the Ullmann coupling of iodobenzene
molecules,32 and tunneling electrons can be used to dehalogenate DBBA31 and
dehydrogenate polyanthrylene,10, 50 two of the key reactions for nanoribbon for-
mation. STM imaging of DBBA deposited onto Cu(111) at a sample bias of at
+3.5V and a tunneling current of 1 nA leads to debromination as indicated by
the appearance of round protrusions and a decrease in height. The debromination
reaction typically occurs at 200 °C on Au(111). For polyanthrylene annealed to
327 °C, below the typical 400 °C for dehydrogenation, partial graphene formation
takes place. Placing the tip over an area to be dehydrogenated, and increasing
the sample bias until a current change is detected leads to complete dehydrogena-
tion. This thesis will examine progress towards tip-induced graphene nanoribbon
fabrication.
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1.8 Details on Thermal Self-assembly of Atomically
Precise Graphene Nanoribbons
For nanoribbons to form from DBBA, several activation barriers must be over-
come. There are barriers for precursor diffusion, C-Br bond cleavage, homoaro-
matic coupling, and cyclodehydrogenation.8 Bromine atoms are placed on oppo-
site ends of the precursor molecule, allowing for a one-dimensional polymer to
form. Two tilted anthracene groups are required to ensure that precursors effi-
ciently couple to each other. In the case of a single anthryl group, the molecule
would lie flat on the surface. Polyanthrylene consists of anthryl groups at alternat-
ing angles to overcome steric hindrance and does not lie flat on the surface. By us-
ing a bianthryl molecule the activation energy required to form polyanthryelene is
reduced, allowing for the formation of long polymer chains. Additional considera-
tions are necessary for the choice of precursor molecules. For example, the chevron
graphene nanoribbon precursor 6,11-dibromo-1,2,3,4-tetraphenyltriphenylene has
its bromine atoms attached to a triphenylene group rather than the phenyl groups
which have a rotational degree of freedom, ensuring that linking sites are always
available 180 degrees apart from each other.
The noble metal surface acts as a catalyst for both Ullmann coupling and cy-
clodehydrogenation,8, 9 so gold substrates are an appropriate starting point for
tip-induced fabrication of GNRs. A series of experiments performed with the
molecule 1,3,5 tris 4-bromophenyl benzene has demonstrated that substrate choice
plays a significant role in the on-surface Ullman coupling of halogenated aromatic
molecules. It was found that the temperature required for de-bromination and
polymerization was lowest on copper, intermediate for silver, and highest on gold
indicating their reactivities.78 1,3,5 tris 4-bromophenyl benzene does not poly-
merize on graphite surfaces because the molecular species desorb before Ullmann
coupling can take place due to the lack of a catalytic substrate to lower the energy
for C-Br bond cleavage.29 For polyphenylene networks grown from hexa-iodo sub-
stituted macrocycle cyclohexa-m-phenylene precursors, the highest ordering was
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achieved on gold surfaces.7 The crystallographic orientation of the surface also
plays a significant role by tuning the diffusivity of molecular species on the surface.
The crystallographic orientation of the surface plays a significant role in deter-
mining its reactivity as well. For Ullmann coupling, (100) surfaces are the most
reactive, followed by (110) and then (111) surfaces.78 Substrate choice has dras-
tic effects on the graphene nanoribbon synthesis. While DBBA forms 7A GNRs
on Au(111), after some controversy, it was found that on Cu(111) surfaces chiral
zigzag graphene nanoribbons form because edge-dehydrogenation of the nanorib-
bon precursors occurs before Ullmann coupling. On Cu(110) surfaces complete
cyclodehydrogenation of the DBBA precursor takes place before Ullmann cou-
pling, forming nanographene rather than nanoribbons.65 Thermal self-assembly
of DBBA on Au(110) does lead to N=7 armchair graphene nanoribbons, though
at lower temperatures due to the higher reactivity of the surface.54 The decreased
mobility of the monomers leads to shorter graphene nanoribbons. Understanding,
in detail, how the surface plays a role in graphene nanoribbon synthesis is criti-
cal for developing new synthetic strategies for achieving either better positional
control during synthesis or growing graphene nanoribbons on new surfaces. The
simple picture of carbon-halogen bonds breaking, reactive species diffusing on
the surface, and polymer chains forming is not complete. The activation barrier
for the polymerization reaction is lowered by organometallic intermediates that
consist of C-metal-C bridges which are replaced by C-C bonds at higher temper-
atures.26, 82, 85 The organometallic intermediates may be stabilized by the pres-
ence of halogen species, as was demonstrated for dibromobenzene on Cu(110).24
STM imaging at low temperatures has been used to confirm the presence of an
organometallic intermediate in the debromination of bromobenzene and fluoro-1-
bromobenzene. Recently Simonov et al. reported the formation of organometallic
chains when DBBA is deposited onto Ag(111)63 yet an organometallic precursor
to polyanthryelene formation on Au(111) has not yet been reported. X-ray pho-
toelectron spectroscopy (XPS) studies of thermal GNR assembly indicate that
there are distinct steps between C-Br cleavage and polyanthrylene formation.
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While C-Br bonds cleave at 100 °C polyanthrylene does not form until 200 °C.4, 64
This suggests a temperature window where dehalogenated species7 are stable yet
polyanthrylene does not form. XPS measurements show Br desorption occurs
beyond 250 °C, in agreement with temperature programmed desorption studies.13
The formation of species other than intact DBBA, polyanthrylene, and GNRs on
Au(111) is not well documented. An STM study would provide more details that
can aid in understanding the formation of graphene nanoribbons. Such a study
is particularly important since such intermediates may form during tip-induced
assembly and may be difficult to identify and distinguish.
1.9 Thesis Statement and Dissertation Structure
Some of the most pressing obstacles to using graphene nanoribbons in devices
are developing techniques for accurately measuring the electronic bandgap of a
graphene nanoribbon, cleanly placing nanoribbons onto device substrates, and po-
sitioning the nanoribbons to enable contact formation. Detailed electronic char-
acterization of atomically precise graphene nanoribbons is lacking, in many cases,
because the metal surfaces on which nanoribbons are studied have surface states
that impede bandgap determination,62 but also in the case of solution-synthesized
nanoribbons solvent residue interferes with measurements. It is important to ac-
curately measure the band structure of GNRs to aid in the quest to optimize
nanoribbon geometry to achieve desirable electronic properties. Even if ideal
nanoribbons can be made, on-surface polymerization and solution deposition typ-
ically result in nanoribbons randomly distributed over the surface, at a large
variety of orientations. Positional control is necessary for one-dimensional mate-
rials, which is a key disadvantage for graphene nanoribbons not necessarily shared
by 2D and 3D materials.
This thesis explores two closely related veins of research meant to tackle chal-
lenges towards making a graphene nanoribbon transistor. First I propose to mea-
sure the bandgaps of graphene nanoribbons transferred onto H:Si(100), a non-
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metallic substrate. Cleanly transferring ribbons onto H:Si(100) under vacuum
avoids challenges with metal surface states and residue and allows measurement
of the local density of states of the GNRs via scanning tunneling spectroscopy.
Secondly, I propose investigating whether electron-mediated synthesis can achieve
positional control. Presently atomically precise graphene nanoribbons cannot be
synthesized on insulating or semiconducting substrates, so positional control over
graphene nanoribbon formation will be examined on a gold surface. Understand-
ing the behavior of the molecules as they progress along reaction coordinates
towards graphene nanoribbons can provide additional insights that may lead to
better control over graphene nanoribbon synthesis.
The thesis is organized as follows: Chapter two covers dry contract transfer
of solution-synthesized graphene nanoribbons onto H:Si(100). Chapter three dis-
cusses the dry contact transfer of extended chevron and hybrid GNRs. Chapter







Figure 1.1: (a) The honeycomb lattice of graphene (b) A 3-dimensional view of
the band structure of graphene showing 6 Dirac cones.55 (c) A close-up of one of
the Dirac cones showing the degeneracy at the Fermi level E=0. It should also
be noted that the density of states vanishes at the Dirac point. (d) An N=7
armchair graphene nanoribbon (e) A plane containing a reciprocal lattice vector
along the armchair direction is drawn. The electronic band structure of an
armchair graphene nanoribbon can be approximated by projecting the band
structure of graphene onto the plane indicated.55 The narrow width of the
nanoribbon forbids large scattering vectors in real space and small scattering
vectors in reciprocal space, constraining the allowed k-points. (f) Qualitative
illustration of how size confinement alters the bandgap of graphene.
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Figure 1.2: Schematic showing the major reaction steps for the synthesis of
atomically precise graphene nanoribbons from the precursor 10,10-9’9- dibromo
bianthryl. The process takes place at the indicated temperatures on a gold
surface under ultra-high vacuum.
 
a b c
Figure 1.3: Overview of graphene nanoribbons to be examined via dry contact
transfer onto H:Si(100) and scanning tunneling spectroscopy. (a) Chevron
graphene nanoribbon (b) Extended chevron graphene nanoribbon with extra
carbon atoms highlighted (c) Hybrid graphene nanoribbon with additional
carbon atoms highlighted.
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C. Hwang, and L. P. Bir. Graphene nanoribbons with zigzag and armchair
edges prepared by scanning tunneling microscope lithography on gold sub-
strates. Applied Surface Science, 291:48–52, 2014.
[58] Giang D Nguyen, Francesca M Toma, Ting Cao, Zahra Pedramrazi, Chen
Chen, Daniel J Rizzo, Trinity Joshi, Christopher Bronner, Yen-Chia Chen,
and Marco Favaro. Bottom-up synthesis of n= 13 sulfur-doped graphene
nanoribbons. The Journal of Physical Chemistry C, 120(5):2684–2687, 2016.
[59] P. Olszowski, B. Zapotoczny, J. S. Prauzner-Bechcicki, M. Vilas-Varela,
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Klaus Müllen, Thomas A. Niehaus, and Johannes V. Barth. Sub-nanometer
width armchair graphene nanoribbon energy gap atlas. The Journal of Phys-
ical Chemistry Letters, 6(16):3228–3235, 2015.
[61] K. A. Ritter and J. W. Lyding. The influence of edge structure on the
electronic properties of graphene quantum dots and nanoribbons. Nat Mater,
8(3):235–42, 2009.
[62] Pascal Ruffieux, Shiyong Wang, Bo Yang, Carlos Sánchez-Sánchez, Jia Liu,
Thomas Dienel, Leopold Talirz, Prashant Shinde, Carlo A. Pignedoli, Daniele
Passerone, Tim Dumslaff, Xinliang Feng, Klaus Müllen, and Roman Fasel.
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The versatility of bottom-up synthesis promises sophisticated GNR electronics,
including transistors and quantum dot qubits,7 which exhibit long spin coherence
times.41 To fabricate GNR devices, the development of a clean transfer is needed
to move nanoribbons from the metal growth surface onto a device compatible
substrate such as SiO2. A wet transfer method previously demonstrated leaves
organic residue that degrades device performance.2
A dry contact transfer (DCT) technique was developed in the Lyding group
specifically to overcome the challenge of cleanly placing carbon nanomaterials
onto semiconducting surfaces for ultrahigh vacuum scanning tunneling microscopy
(UHV-STM) characterization.1 Since the tip-sample junction is extremely sensi-
tive to the presence of solvent molecules and mobile adsorbates, atomic-scale
cleanliness is required. DCT has previously enabled detailed characterization
of carbon nanotubes,1, 35, 34 and graphene nanoflakes.12, 17, 31 Fortuitously gram-
scale quantities of atomically precise GNRs can be obtained via solution syn-
thesis,44, 46 allowing a fiberglass applicator to be coated for deposition of GNRs
onto arbitrary surfaces. One may envision using a bare applicator to pick up
surface-grown nanoribbons, however the transfer efficiency may be prohibitively
low. So far, detailed electronic characterization has been limited for solution-
1Material in this chapter is modified and reproduced with permission from A. Radocea,
T. Sun, T. Vo, A. Sinitskii, N. R. Aluru, and J. W. Lyding, ”Solution-Synthesized Chevron
Graphene Nanoribbons Exfoliated onto H:Si(100),” Nano Letters, vol. 17, no. 1, pp. 170-178,
2017. Copyright 2017 American Chemical Society.
24
synthesized nanoribbons, in part due to the use of ambient solvent-based depo-
sition processes that interfere with STM spectroscopic characterization. When
drop-casting nanoribbons onto surfaces, residue cannot be fully removed from
the surface under conditions that do not also remove the GNRs.45 Solution-
synthesized graphene nanoribbons may feature additional side alkyl chains at-
tached to graphene nanoribbon edges in order to increase GNR solubility.36, 26
The alkyl groups may hinder electronic transport, especially in inter-GNR nano-
junctions. In this study, the chevron graphene nanoribbons studied are hydrogen-
terminated and have the same structure as chevron graphene nanoribbons syn-
thesized via on-surface polymerization.4
The fabrication of GNRs via solution synthesis44, 46 promises to be an avenue
towards large-scale GNR manufacturing, however a lack of detailed atomic-scale
imaging and electronic characterization poses a potential roadblock. This chapter
shows how DCT avoids problems with solvent residue to overcome previous limita-
tions and cleanly deposit armchair edged chevron GNRs directly onto H:Si(100).
STM spectroscopy of the system reveals a 2.85 eV GNR bandgap, spatial and
electronic mapping of the GNR electronic states, and metallic behavior for GNRs
in contact with deliberately unpassivated silicon. The high spatial resolution spec-
troscopy achieved shows details of the electronic structure of chevron GNRs that
have not yet been previously reported. To better understand the experimental
results, first-principles density functional theory (DFT) simulations were carried
out by Tao Sun in Professor Narayana Aluru’s group. The DFT results are pre-
sented throughout the chapter and played a significant role in identifying the GNR
electronic states. Depassivating H:Si(100) via STM nanolithography allowed the
study of GNR-Si interactions, showing a semiconducting-to-metallic transition.
We also find bilayer GNR junctions on the surface, formed by overlapping GNRs.
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2.2 Imaging of Chevron Graphene Nanoribbons on
H:Si(100)
The solution synthesis of chevron GNRs used for this study (Figure 2.1a) was car-
ried out by Professor Alexander Sinitskii’s group at the University of Nebraska-
Lincoln and is described in a previously published protocol.44 From the syn-
thesis, a graphene nanoribbon powder is obtained, which is then applied to a
frayed fiber-glass DCT applicator. A high temperature (300 – 500 °C) degas of
the GNR-coated fiberglass applicator removes solvents and atmospheric contam-
inants. When the DCT applicator is manually pressed against the silicon surface
under ultrahigh vacuum, nanoribbons cleanly exfoliate onto the surface (Figure
2.1b). Figure 2.1c is a room temperature STM image showing two chevron GNRs
lying flat on the surface. Although the STM topographs in Figure 1 were all
recorded at a sample bias of –2 V and a tunneling current of 10 pA, different
imaging artifacts appear, potentially caused by variations in the density of states
of the STM probe.
A high-resolution image (Figure 2.1e) shows intra-ribbon resolution not corre-
sponding to the silicon dimer rows. The STM images presented in Figure 2.1 are
suggestive of a clean transfer process when compared to previous STM imaging of
GNRs transferred onto gold via solution deposition.44 The graphene nanoribbons
do not appear to align to the silicon lattice, indicating a weak coupling inter-
action (Figure 2.2). In Figure 2.1c-e silicon rows and individual dimers appear
underneath the GNRs. This semitransparency effect was previously observed for
graphene flakes on III-V semiconductors and arises when the forces between the
tip and the flake push the graphene closer to the surface.12 A similar effect was
not observed for graphene flakes <8 nm in diameter on H:Si(100).31 In contrast to
graphene nanoflakes, the atomically precise chevron nanoribbons studied do show
semitransparency, due to having a bandgap larger than the underlying substrate,
allowing the silicon density of states to dominate the tunneling current.
Of 115 GNRs imaged at both positive and negative sample bias, 80 are imaged
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as non-transparent, exhibiting an average apparent height of 3.0 Å relative to the
surrounding silicon substrate. The 35 semitransparent nanoribbons had an aver-
age apparent height of 2.0 Å. An example of the analysis applied to determine
GNR heights is shown in Figure 2.3. Semi-transparency is not an intrinsic prop-
erty of GNRs, but an imaging artifact that arises when the STM probe pushes
the GNR closer to the surface, allowing the tunneling current from the substrate
to contribute to the STM topograph. As shown in Figure 2.4a,b the same GNR
can appear as semitransparent or non-transparent under the same sample bias
and tunneling current. Semitransparency is influenced by the tip-sample sepa-
ration which can vary with the work function of the STM probe, as well as the
interaction of the graphene nanoribbon with the surface. Chevron GNRs imaged
on Au(111) show an apparent height of 1.8 Å,4 which is significantly smaller than
the apparent height observed for the non-transparent nanoribbons on H:Si(100).
A previous study determined a 3.1 Å apparent height for graphene nanoflakes
on H:Si(100).31 The graphene lattice is only observed for nontransparent GNRs,
indicating that the carbon plane is at a height near 3.0 Å. Since the inter-layer
spacing of graphite is 3.3 Å, a van der Waals bonding interaction between the
GNR and the H:Si(100) substrate is possible, although the apparent height is
dictated by the local density of states (LDOS) and is not sufficient to determine
atomic positions. The H:Si-GNR interaction is weak enough to enable movement
of the GNR using the STM tip as shown in Figure 2.5.
2.3 Electronic Characterization of Chevron GNRs on
H:Si(100)
DFT modeling of chevron GNRs, including the results shown in Figure 2.7e, pre-
dicts a 1.50-1.57 eV bandgap.21, 44, 47 While for graphene nanostructures DFT
captures reliable information about energy level ordering, orbital shapes and the
spatial distribution of the LDOS,33 it underestimates bandgaps. Corrections to
DFT modeling made with the GW approximation predict an expected quasipar-
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ticle bandgap of 3.62- 3.74 eV.21, 47 However, when the substrate is included in
the simulation, a screening interaction decreases the GNR bandgap.9, 27, 39, 40 The
estimated bandgap for chevron GNRs on Au(111) is predicted to be 2.96 eV.21
UV-vis-NIR spectroscopy and photoluminescence spectroscopy of solution- syn-
thesized chevron gaphene nanoribbons suggest a 1.6-1.8 eV bandgap for ensembles
of GNRs.43, 46 However, these measurements probe the optical bandgap and ne-
glect the exciton binding energy. The quasiparticle bandgap determined with
angle-resolved ultraviolet photoemission (ARUPS) studies of chevron GNRs on
Au(788) is 3.1 +/- 0.4 eV23 and high-resolution energy electron loss spectroscopy
(HREELS) estimates a 2.8 +/- 0.3 eV bandgap,3 in close agreement with the
theoretical GW predictions. STS data for pristine chevron GNRs on Au(111) are
presented in two recent studies and similar bandgaps of 2.0 eV were reported.5, 43
Studying the bandgap of solution-synthesized GNRs on H:Si(100) is important
to confirm their electronic properties, and in understanding how GNR-H:Si(100)
interactions modify the bandgap.
STM spectroscopy of GNRs is sometimes limited to point spectroscopy,13 and
tunneling conductance (dI/dV) maps,95 which may not fully capture the electronic
landscape of GNRs. Current imaging tunneling spectroscopy (CITS) was used to
collect I-V spectra over 50 x 50 points to examine a GNR and the surrounding
substrate at 512 sample biases between -2 V and + 3 V. Bandgap determination
of atomically thin GNRs requires careful analysis because STS simultaneously
probes both the GNR and the substrate. For GNRs on Au(111), a broadened
surface state prevents the observation of the edge state of atomically precise zigzag
GNRs.32, 33 The STS measurements of chevron GNRs on H:Si(100) also show a
significant substrate contribution.
Figure 2.6 illustrates the detection of substrate states underneath a GNR dur-
ing scanning tunneling spectroscopy measurements. An STM topograph of the
chevron GNR that was examined with CITS is shown in Figure 2.6a. Normal-
ized conductance plots for three of the points corresponding to the GNR center,
GNR edge, and the H:Si(100) surface are shown in Figure 2.6b, along with an
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inset showing the topograph acquired simultaneously with CITS. Spectroscopy
measured at the GNR center shows additional features resembling the peaks ob-
served over the silicon substrate, indicating that the surface is contributing to the
STS measurement (Figure 2.6c). A normalized conductance spectra map shown
in Figure 2.6d shows how the density of states varies along the width of the GNR.
The dashed vertical lines indicate the positions of the points plotted in Figure
2.6b. The normalized conductance at the center of the GNR shows contributions
from the silicon valence band (VB) and conduction band (CB), shifted from their
original positions due to interactions with the GNR. At higher energies, tunneling
conductance peaks appear due to the GNR conduction and valence band states.
Remarkably, the silicon surface electronic structure is less pronounced at the
GNR edge. The spatial distribution of the states identified as the silicon con-
duction band (Si CB) and the silicon valence band (Si VB) can be shown in the
normalized tunneling conductance plots at sample biases of -0.62 V (+ 1.33 V)
which are in Figure 2.6e (f). For both plots, the edges of the GNR are darker
than the substrate and darker than the center of the GNR. A periodic modula-
tion of the density of states commensurate with the silicon lattice supports the
assignment of the silicon CB and VB states.
To more clearly depict the GNR states, spectroscopy collected along the edge of
the GNR is shown in Figure 2.7. The normalized tunneling conductance spectral
traces shown in Figure 2.7a and the corresponding spectra map shown in Figure
2.7b highlight states at -1.47 V, -1.17 V, 2.0 V, and 2.27 V, which are identified as
the GNR VB-1, VB, CB, and CB + 1 states. To ensure that the GNR states are
identified correctly, first principles simulations were used to simulate an infinite
GNR with periodic boundary conditions and an isolated GNR comprising 6 unit
cells (all edges terminated with hydrogen atoms) with a length comparable to that
of the GNR experimentally examined. Figure 2.7d shows simulated normalized
LDOS maps produced by selecting peaks in the DFT-calculated projected density
of states (PDOS) indicated in Figure 2.7c and mapping them onto spatial coordi-
nates for the 6-unit cell GNR. The LDOS contours are shown at a constant height
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of 4 Å above the graphene plane. We estimate the distance between the tip and
graphene sample plane is 4 Å. Tip-sample separation has previously been shown
to have a significant effect on dI/dV imaging because of the three-dimensional dis-
tribution of the GNR LDOS.8 (Additional LDOS maps at varying heights above
the graphene plane, and the full LDOS maps are provided in Figure 2.13).
As shown in Figure 2.7c, the bandgap predicted with DFT for both infinite
and 6-unit cell GNRs is about 1.6 eV. The more accurate GW approximation was
only applied for the infinite GNR and the band structure in Figure 2e shows a
quasiparticle band gap of 3.56 eV, which is consistent with previous studies.47, 21
It also reveals that the band orders and band shapes within quasiparticle band
structures are in agreement with those from Kohn-Sham band structures, con-
firming the fact that DFT could accurately capture this information for graphene
nanostructures,33 hence the LDOS obtained from DFT are reasonable. The sim-
ulated LDOS for the 6-unit cell GNR is compared to experimental normalized
dI/dV maps in Figure 2.7e. Due to the huge computational cost, the silicon sub-
strate was not included for the 6-unit cell GNR. (Figure 2.15 and show additional
LDOS maps including the substrate for an infinite GNR.)
The simulated GNR VB-1 and VB states show good agreement with the nor-
malized dI/dV maps. The valence band state at -1.17 V is located at the ends
of the GNR, while the VB-1 state observed at -1.43 V is in the middle of the
GNR. Analogous finite length effects were previously observed in dI/dV maps of
carbon nanowires and straight armchair nanoribbons on gold.16, 42 The simulated
conduction band states also show good agreement with the experimental data, al-
though the observed states appear in a different order. The CB state is predicted
to have a density of states concentrated along the edges of the GNR as is observed
at +2.27 V, and the CB+1 state is predicted to be concentrated at the ends of
the GNR. However, a state concentrated at the GNR end is experimentally seen
at +2.0 V. Since the state at +2.0 V appears first, it is assigned as the GNR
CB and the state at +2.27 V is the GNR CB+1 state. The alignment between
the substrate lattice and the GNR may cause energetic shifts in the states as
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previously observed for carbon nanotubes on InAs.34
The increased charge density at the GNR edges agrees with previous STM stud-
ies of straight atomically precise graphene nanoribbons and GNR heterojunctions
on Au(111) where an increased LDOS at the edges was measured.8, 9, 13, 38 The
enhanced LDOS is not due to an edge state but is instead an extended state
with a three-dimensional shape that has a relatively higher value of the LDOS
with increased height at the outer edges of the GNR.8 Localized edge states are
seen for 4 nm wide GNRs with disordered edges,28 unzipped carbon nanotubes,4
and zigzag GNRs.33An enhanced DOS is also seen at armchair edges of graphene
sheets, due to the interference of backscattering electrons.29
Figure 2.8 illustrates that I-V spectroscopy of GNRs on H:Si(100) must be care-
fully presented and analyzed. When initially investigating the electronic struc-
ture of graphene nanoribbons, log(I)-V spectra maps were used to estimate the
bandgap. The normalized tunneling conductance is useful for distinguishing the
density of states (DOS) of a graphene nanoribbon from the DOS of the substrate.
In Figure 2.8b the same STS data is presented as a log(I)-V spectra map and
does not show distinct substrate and GNR features. Decoupling of substrates and
nanoribbon states is of paramount importance for bandgap determination and can
be accomplished by experimentally measuring the normalized tunneling conduc-
tance and comparing it with simulations of the density of states. From equation
(2) in Chapter 1, the tunneling conductance is proportional to the density of states
of the sample when the density of states of the tip is constant.
The bandgap is determined to be 2.80 eV by choosing the span between the
CB and VB onsets, as was done for the STS measurement of chevron GNRs
on Au(111).43 Chevron GNRs on Au(111) were shown to have a bandgap of
about 2.0 eV5, 43 with STS, 2.8 +/- 0.03 eV with HREELS,23 and 3.1 +/- 0.4
eV with ARUPS.23 Here an experimental measurement of the chevron GNRs
on H:Si(100) reveals a 2.8 eV bandgap. The 2.8 eV bandgap measured here
approaches the expected 3.6 eV intrinsic GNR bandgap predicted using the GW
approximation.21 Theoretical modeling has previously shown that the bandgap
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of a graphene nanoribbon on silicon is expected to be larger than the bandgap
of a graphene nanoribbon on gold due to a decreased screening interaction.14 To
confirm the reproducibility of the bandgap measurement, line spectra collected
over 21 graphene nanoribbons are examined. The average bandgap is 2.85 eV
with a standard deviation of 0.13 eV (Figure 2.9).
2.4 Junctions Formed by Overlapping Chevron Graphene
Nanoribbons
During dry contact transfer overlapping nanoribbons are also placed on the surface
allowing the study of multilayer GNRs, which have not been previously examined.
While the multilayer GNR cross-junctions that were investigated in this work
accidentally formed on a surface during the transfer process, the demonstrated
possibility of moving GNRs on H:Si(100) with an STM tip (Figure 2.5) suggests
that such and other complex GNR structures may also be formed intentionally
via STM nanomanipulation. Graphene nanoribbon junctions are expected to play
an important role in creating novel electronic devices, as has been predicted for
in-plane graphene nanowiggle junctions.6 Figure 2.10a shows several nanoribbons
on the H:Si(100) surface. Two GNRs greater than 20 nm in length are about 15
nm apart, with a third GNR spanning them to form a junction, labeled J. To the
right of the junction, there is a short single layer GNR segment that may have
torn off during the DCT process.
Figure 2.10b shows the height profile along the solid line in Figure 2.10a. The
single layer GNR in the center of the image is 2.9 Å taller than the silicon terrace
it sits on, and the short single layer segment on the right is about 3.5 Åtaller than
the nearby silicon. The junction (J) has an apparent height of 6.4 Å, which is 3.5
Å taller than the GNR beneath it, which is consistent with the expected apparent
height of a two-layer GNR junction.
Figure 2.10c shows a normalized spectra map calculated numerically from the
I-V spectroscopy data. The bandgap at the junction is 2.6 eV. The bandgap over
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the GNR is estimated as 2.6 eV for the GNR on the left terrace and 2.8 eV for the
GNR on the right terrace. The valence band for both single layer GNRs examined
is at -1.4 eV, however, the conduction band shifts to a position 0.2 eV lower on
the left terrace.
Multi-layer armchair GNRs are expected to have decreasing bandgaps with in-
creasing layer number.15 Figure 3d shows the PDOS for a two-layer GNR junction
calculated by DFT. The overlapping segment has a bandgap slightly smaller than
the sections of single layer GNR. The experimental measurement does not show
a significant bandgap shift, which is expected given that computational modeling
predicts a small bandgap shift. It should be noted that the normalized dI/dV
maps collected across a GNR junction shown in Figure 2.4c,d may show a slight
decrease in the GNR bandgap at a GNR junction.
2.5 Depassivating H:Si(100) underneath a GNR
Previous work on graphene nanoflakes revealed that hydrogen depassivation of a
supporting H:Si(100) substrate causes graphene to take on a metallic character
due to charge transfer and Si-C bond formation.48 Figure 2.11a shows an STM
topograph of a GNR on passivated silicon before hydrogen depassivation. Silicon
underneath part of the nanoribbon was depassivated by holding the sample bias
at 8 V while moving the tip along the path indicated by the white arrow in Figure
4b at 100 Å/s and maintaining a tunneling current of 0.1 nA. The increased height
of the depassivated silicon indicates hydrogen removal and the presence of silicon
dangling bonds (the local density of states of the silicon dangling bonds protrudes
farther away from the surface than the local density of states corresponding to the
hydrogen terminated surface).24 The apparent height and width of the nanoribbon
are reduced after nanolithography as seen in Figure 2.11b and the height profile in
Figure 2.11f. The 1.5 Å height decrease of the GNR after depassivation indicates
an increased coupling to the Si(100) surface. The width decrease reflects a change
in the electronic structure of the nanoribbon.
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Spectra were collected along the white dashed lines indicated in Figure 2.11a
and Figure 2.11c. As shown in the normalized dI/dV maps presented in Fig-
ure 2.11d and Figure 2.11e the GNR bandgap is 2.9 eV before depassivation. The
metallic behavior seen after depassivation is attributed to Si-C bonding that mod-
ifies the GNR electronic structure.48 While individual Si(100) dangling bonds are
metallic, multiple neighboring dangling bonds are semiconducting, indicating that
the GNR and not the Si(100) causes the observed metallic behavior.49 To explain
the electronic changes of the GNR on Si(100) after hydrogen depassivation, we
performed DFT simulations to examine the geometry and charge distribution of
a GNR on a Si(100) surface before and after hydrogen depassivation. We also
show the PDOS of the GNR in Figure 2.11g. After hydrogen depassivation, the
PDOS of the GNR shows finite states at the Fermi level and there is no longer a
bandgap. The dangling bonds at the silicon surface interact with the pz orbitals
of the GNR to form covalent bonds modifying the electronic structure of the GNR
and leading to metallic behavior. Figure 2.11h and Figure 2.11i show the geom-
etry and normalized charge distribution of the GNR on H:Si(100) and Si(100).
Before hydrogen depassivation the GNR is flat above the substrate, and there is
no charge density overlap between graphene and H:Si(100). However, after hy-
drogen depassivation, we see both the geometry and charge distribution change.
The surface Si atoms move outward while the GNR above is distorted and some of
the C atoms move inward to the Si surface. The corresponding charge density is
strongly localized and there is some overlap between the GNR and silicon charge
densities.
2.6 Conclusion
Dry contact transfer enables high-resolution STM imaging and spectroscopy of
solution-synthesized atomically precise chevron graphene nanoribbons on tech-
nologically relevant substrates such as the H:Si(100)2x1 surface. This method
overcomes challenges associated with solvent residue, and is very promising for
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studies of other atomically precise solution-synthesized nanomaterials. One of
the key insights from the study was that the nanoribbons are thin enough that
tunneling to the substrate plays a significant role in STS measurements and must
be carefully considered to determine the bandgap of GNRs. Future work using
smaller bandgap GNRs and larger bandgap substrates may avoid this challenge.
Through the use of normalized dI/dV images and LDOS simulations, the bandgap
of chevron GNRs on H:Si(100) is determined to be 2.85 eV. The ability to cleanly
place atomically precise GNRs onto H:Si(100) is unprecedented, and is expected
to have an enormous impact on GNR device prototyping.
2.7 Methods
2.7.1 Synthesis of GNRs
Atomically precise chevron GNRs were made in solution by Yamamoto coupling
of pre-synthesized 6,11-dibromo-1,2,3,4-tetraphenyltriphenylene (C42Br2H26) fol-
lowed by oxidative cyclodehydrogenation of the resulting polymer via Scholl reac-
tion. The synthesis results in a black solid that is filtered and washed to obtain a
graphene nanoribbon powder. The synthetic details and materials characteriza-
tion of solution-synthesized chevron GNRs can be found in previous works.44, 46
2.7.2 Substrate preparation
H:Si(100) is prepared by degassing a Si(100) substrate at 600 °C for 8-16 hours,
flashing at 1200 °C for 5-30 seconds several times, and holding the sample at
377 °C during exposure to 1200 L of atomic hydrogen. During the 1200 °C flash
the chamber pressure is monitored, and the flash is stopped early if the pressure
exceeds 1 x 10-8 Torr to avoid surface roughening. The silicon wafers used are
Sb-doped Montco n-Si(100) (sheet resistance 5-20 mΩ-cm) and B-doped Montco
p-Si(100) (sheet resistance .01-.02 Ω-cm). After passivation, the sample is cooled,
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and surface cleanliness is confirmed with STM imaging.
2.7.3 STM experiments
STM imaging was performed with a home-built Lyding style STM25 operating
under ultrahigh vacuum (base pressure 3 x 10-11 Torr ). Imaging is performed
under constant current mode at room temperature (sample bias -2V, tunneling
current 10 pA). Iridium coated field-directed sputter sharpened tungsten probes
from Tiptek, and etched platinum-iridium tips were used for STS and STM imag-
ing experiments. Images were also collected with etched tungsten probes. Scan-
ning Tunneling Spectroscopy (STS) is collected in variable spacing mode (dS = 2
Å), with an initial set-point tunneling current of 100 pA. To convert to constant
spacing STS data, the raw data is scaled by an exponential factor to account for
the change in current due to change in tip-sample separation.35 Hydrogen de-
passivation lithography is performed by moving the tip at 100 Å / second while
maintaining a sample bias of 8V and a tunneling current of 0.1 nA.
2.7.4 DCT Applicator Preparation
Fiberglass tubing is cleaned by sonicating sequentially in detergent/water, ace-
tone, and IPA. The fiber is dried using nitrogen and then mounted onto a sample
holder. The tubing is gently frayed with a razor blade. Then the applicator
is pressed against the graphene nanoribbon powder, and nitrogen gas is gently
passed over the applicator to remove any loosely attached material. The applica-
tor is then loaded into the UHV chamber and degassed overnight, typically under
the same condition used for an STM tip degas – ˜300-500 °C. Nanoribbons are
exfoliated onto the silicon surface by pressing the fiberglass applicator against the
sample repeatedly until GNRs are found on the surface.
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2.7.5 Computational Modeling
Density Functional Theory calculations for a 6-unit cell GNR were performed with
Quantum Espresso package,10 with a supercell arranged to separate GNR and
its images. Norm-conserving pseudopotentials with the Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional30 were employed, with a planewave energy
cut-off of 100 Ry. A Monkhorst-Pack grid of 1 x 1 x 1 was used for structural
relaxations and 2 x 2 x 1 for electronic property calculations. The structures
were relaxed until the maximum residual force was smaller than 0.05 eV/Å. For
the systems of GNR on hydrogen passivated and depassivated silicon surface, due
to the lattice mismatch, a GNR supercell of two unit cells was placed upon the
substrate with 5 layers of silicon atoms. Tensile and compressive strain were ap-
plied to the GNR and silicon substrate respectively, whose magnitudes were all
less than 1% to ensure the electronic properties of the systems were not altered
too much. The Grimme-D2 van der Waals corrections11 were used to describe the
interaction between the GNR and the substrate. The structures were also relaxed
with a Monkhorst-Pack grid of 1 x 1 x 1 until the maximum residual force was
smaller than 0.05 eV/Å. Then the PDOS and charge distribution were calculated
with a Monkhorst-Pack grid of 2 x 1 x 1. The visualization of geometries and
LDOS was performed with XCrysDen.18 The DFT and GW band structures for
a GNR of infinite length with periodic boundary condition were calculated us-
ing the VASP package19, 20 within the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional.30 The projector augmented wave (PAW) pseudopotentials
with a 400 eV energy cutoff were used. The Gamma-point-centered k-point of 4 x
1 x 1 was applied for structural relaxation and band structure calculations. The
structure was relaxed until the maximum residual force was less than 0.01 eV/Å.
Starting from DFT ground state, quasiparticle energies were calculated using the
single-shot G0W0 approximation37 implemented in VASP. Concerning the mem-
ory requirement and computational time, the key parameters of NBANDS=512,
ENCUT=400, ENCUTGW=80 and NOMEGA=36 were used to conduct the GW
37











Figure 2.1: Scanning tunneling microscopy (STM) images of graphene
nanoribbons (GNRs) on H:Si(100) sample bias: -2V tunneling current: 10pA (a)
Schematic showing precursor used for solution synthesis of chevron GNRs; see
ref.44 for the detailed synthetic procedure. (b) Sketch of dry contact transfer
method used to exfoliate GNRs onto H:Si(100) (c,d) Graphene nanoribbon
transparency – the silicon substrate is visible through the graphene nanoribbon.
Scalebar is 5 nm (e) Image showing intraribbon resolution corresponding to the
graphene lattice. Scalebar is 5 nm. Tunneling current is 100 pA (f) Histograms






Figure 2.2: (a-c) STM images showing 64 graphene nanoribbons with solid lines
indicating the nanoribbon longitudinal axis directions. When the longitudinal
axis of the graphene nanoribbon is parallel to the silicon dimer row direction,
the relative angle is 0 degrees, and when the longitudinal axis of the graphene
nanoribbon is perpendicular to the dimer row direction, the relative angle is 90
degrees. (d) Histogram showing the measured orientations of chevron GNRs
relative to the silicon dimer rows. Although fewer ribbons were found oriented
at 45 degrees relative to the dimer row direction, no claims are made about
GNR-substrate alignment because the motion of the applicator is not
well-controlled and may play a role in causing the GNRs to align to a particular
orientation. (e) Additional STM topograph showing several graphene
nanoribbons with correlated orientations. The movement of the applicator may
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Figure 2.3: (a-d) Height distributions of semitransparent graphene nanoribbons
showing a height of 1.84 – 2.56 Å (e-h) STM topographs with white rectangles
indicating regions used to generate height distributions in (a-d). (i-k) Height
distributions for non-transparent graphene nanoribbons, showing heights of 3.24
Å – 3.57 Å. (l-n) The topographs used to generate the height maps in i-k. These
ribbons do not show semitransparency, and several GNRs are simultaneously
examined. The GNR height is determined as the difference between the
substrate and GNR peak centers. In some cases, the peak position is determined
using a Gaussian fit, as illustrated above, but in many cases the peak position is
estimated. Images with artifacts or where the substrate near the GNR is not
clearly imaged are excluded. The topographs used to generate Figure 2.1f
includes STM images collected at +2V, -2V, and -1.5V. The tunneling current
ranges from 10 pA to 1000 pA, with most of the data collected at 10 or 100 pA.
The height difference observed is greater than what has been previously seen for
semitransparent graphene, possibly due to the narrow lateral dimensions and
nanowiggles of the GNR enabling additional pliability.12 The height distribution
for a nanoribbon that shows both semitransparency and non-transparency is
shown in (a) and the corresponding topograph is shown in (e). There is a 1.5 Å
height difference between the semitransparent and non-transparent portion of
the same nanoribbon. In this case, there is no evidence of a change in the
configuration of the probe, so the semitransparency may be influenced by
buckling of the nanoribbon, which depends on a lattice mismatch between













Figure 2.4: (a-b) STM topographs of graphene nanoribbons on H:Si(100).
Sample bias: -2V; tunneling current: 10 pA. In (a) the lower graphene
nanoribbon appears non-transparent. In (b) the same graphene nanoribbon
appears semitransparent, with the corrugation of the silicon dimer rows visible
underneath the graphene nanoribbon. The STM images shown in (a) and (b)
demonstrate that the same nanoribbon can exhibit both semitransparency and
non-transparency. A previous study determined that the tip pushing the GNR
closer to the surface can cause the semi-transparency effect.12 The dashed lines
indicate positions where scanning tunneling spectroscopy was collected (c-d)
Normalized dI/dV spectra maps collected along dashed lines indicated in (a,b).
The positions of the silicon and GNR valence and conduction band edges are




Figure 2.5: The scanning tunneling microscope was used to change the position
and orientation of graphene nanoribbons. A graphene nanoribbon before and
after nanomanipulation. Sample bias: -2V; tunneling current: 10 pA. Scale bar
is 10 nm (a) Graphene nanoribbon on H:Si(100) surface (b) The tip is moved 4
Å closer to the surface and moved from left to right along the indicated white
arrow. The feedback loop is off and the sample bias is held at -2 V. The ribbon
is rotated by 80 degrees and translated several nanometers. The weak
interaction between the H:Si(100) surface and GNRs allows the nanoribbons to
be pushed with the STM probe. The STM tip traces a height contour obtained
from a previously collected topograph. As the tip travels along its predefined
path, the tip is displaced an additional 5-9 Å closer to the surface. The sample
bias is typically held at 0 V while the feedback loop is turned off.
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Figure 2.6: (a)Topograph of graphene nanoribbon, and (b) normalized
conductance collected over the silicon, the edge of the graphene nanoribbon, and
the center of the graphene nanoribbon. (c) Schematic indicating contributions to
the tunneling current from both the substrate and the GNR, and (d) normalized
conductance map corresponding to the dashed line in (a). The dashed vertical
lines correspond to the traces plotted in (b). Arrows indicate silicon and
graphene states. (e,f) Normalized dI/dV maps at sample biases corresponding to
the energies of the silicon states. The GNRs appear darker than the surrounding
silicon due to their decreased density of states. There is a modulation of the
density of states collected over the GNRs that is commensurate with the silicon
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Figure 2.7: STS and CITS of graphene nanoribbon. Current imaging tunneling
spectroscopy was collected over an array of 50 x 50 points spanning 6.5 x 6.5
nm2. The normalized tunneling conductance dI/dV / (I/V) was numerically
calculated and portions of the data are shown here. (a) Normalized tunneling
conductance at the GNR center, the GNR edge, and over the silicon substrate.
The inset shows a topograph of the GNR studied. (b) Normalized tunneling
conductance spectra map across the length of the GNR, corresponding to
positions along the dashed white lines in the inset of (a). The black, blue, and
red dashed lines indicate the positions of the spectra points shown in (a). The
conduction and valence bands for the graphene and silicon are indicated. (c)
Left: the band structure obtained from both DFT and GW for an infinite GNR
with periodic boundary condition (the inset shows the unit cell as incorporated
in the black rectangle). The band energies were shifted so that the Fermi level
was located at the mid-gap position. Right: the projected density of states
(PDOS) for an isolated 6-unit cell GNR (atomic structure shown in inset, cyan
atoms for C and red atoms for H) computed using DFT, four states VB-1, VB,
CB+1, and CB are marked at the corresponding peaks, the window is set to be
0.1 eV to be consistent with the resolution of room temperature STM
experiments. (d) DFT-simulated normalized LDOS maps of the VB-1, VB, CB,
and CB +1 states at 4 Å above the GNR plane, the color range of [0.1, 0.9] is
used to show features more clearly. (g) Normalized dI/dV maps at energies
corresponding to the bands indicated in (b).
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Figure 2.8: Comparison of the normalized dI/dV plot in Figure 2.7 and the
corresponding log(I)-V map. The log(I)-V map does not properly capture the










2.8 eV 2.9 eV 2.8 eV
1.1 eV 1.1 eV 1.1 eV
Figure 2.9: Density of states maps used to determine GNR bandgaps. (a-c)
STM topographs of graphene nanoribbons on H:Si(100). Scalebars are 5 nm.
The dashed lines indicate positions where variable spacing I-V spectroscopy was
collected (d-f) Normalized dI/dV spectra maps across GNRs. The positions of
the GNR valance and conduction band edges are indicated by dashed lines. (g-i)
Normalized dI/dV plots showing data used to generate the maps shown in d-f.
The GNR and Si bandgaps are indicated. (j) Histogram plotting the bandgaps
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Figure 2.10: Scanning tunneling spectroscopy (STS) of nanoribbon junctions (a)
STM topograph showing several overlapping graphene nanoribbons. Sample bias
-2V tunneling current 10 pA. Scalebar length is 20 nm. (b) Height profile along
solid line in (a). The height of the GNR relative to the surrounding H:Si(100) is
2.9-3.5 Å. The junction appears to be 3-3.5 Å taller than the single layer GNRs
(c) Spectra map taken along the solid line indicated in a. The regions are
labeled Si- H:Si(100) substrate, GNR – graphene nanoribbon, and J – the
graphene nanoribbon junction (d) DFT-calculated PDOS for overlapping GNR
(top layer) and single layer GNR, whose atomic structure is shown in the inset.
The atoms in the single layer part are colored blue while those in the











































Figure 2.11: Hydrogen depassivation underneath a GNR (a) STM image of a
GNR on H:Si(100). (b) Nanoribbon after hydrogen depassivation lithography.
The tip was moved along indicated arrow with a sample bias of +8 V, tunneling
current 0.1 nA, and a tip speed of 100 Å/s. The depassivated region appears
taller than the surrounding H:Si(100) due to the increased spatial extent of the
Si dangling bonds. (c) STM image collected along with STS over the dashed
line. Images collected at -2V 10 pA. All scale bars are 10 nm (d,e) Normalized
dI/dV maps corresponding to the spectroscopy collected in (a,c). (f) Height
profiles along dashed lines in (a) and (c) to show height changes along GNR
after depassivation. (g) Simulated PDOS for GNR on H:Si(100) and Si(100)
respectively. (h,i) Atomic structures and normalized charge density contour
plots for GNR on H:Si(100) and Si(100) shown to visualize the interactions




Figure 2.12: Projected density of states for a six-unit cell GNR. Inset shows the
structure of the modeled GNR. No substrate is included. States 1-8 are labeled
and mapped onto spatial coordinates in Figure 2.13. Two valence states and two
conduction states were indicated in Figure 2.7e and the corresponding
normalized LDOS at 4 Å above GNR plane were calculated and compared with
the normalized dI/dV images from experiments. Here, more states near the
Fermi level are indicated and the corresponding normalized LDOS at different
heights above GNR plane are shown. Figure 2.13 shows the DFT calculated
PDOS of the isolated 6-monomer GNR with the states marked out using indices
from 1 to 8. The PDOS from DFT shows the bandgap to be ˜1.6 eV, which is
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Figure 2.13: Simulated local density of states of a six-unit cell chevron GNR is
plotted at heights of 4 Å to 1 Å above the GNR plane. The color range is set to
be [0.1, 0.9] to more clearly reveal the features.
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Figure 2.14: The experimental results show the influence of the silicon substrate
on the GNR. Here simulations are performed to show the change of the GNR
LDOS once it is placed on the H:Si(100) substrate. Periodic boundary
conditions are applied to obtain the PDOS for an infinite GNR on H:Si(100) (a)
Model showing chevron GNR on H:Si(100) slab. The atomic structure is shown
with 16 layers of silicon included in the substrate to capture the bulk silicon
bandgap (b) Cross-sectional view showing the atomic structure and normalized
charge distribution of GNR relaxed on the H:Si(100) surface. (c) PDOS plot of
GNR and H:Si(100). The silicon slab has a Kohn-Sham bandgap of ˜1.2 eV,
which is the same as its bulk value.
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Figure 2.15: Simulated local density of states (LDOS) for an infinite chevron
GNR on H:Si(100) plotted at heights from 4 to 1 Å above the GNR plane. The
states are chosen at energies corresponding to peaks of the GNR PDOS and the
corresponding normalized LDOS at different heights above GNR plane are
shown. Since the bandgap of the silicon substrate is smaller than that of the
GNR on top, some features seen in the normalized LDOS within the bandgap of
the GNR (State 5 and State 6) are caused by the LDOS of silicon. For other
states, there are small signatures shown in the normalized LDOS of GNR, which
are also attributed to silicon DOS.
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CHAPTER 3
EXTENDED CHEVRON AND POROUS GNRS
ON H:SI(100)
3.1 Motivation and Theoretical Comparisons
Understanding how to modify the electronic band structure of materials is an area
of important investigation. For silicon transistors, introducing a strain on the or-
der of 10-30% can increase the hole mobility of silicon by as much as 50%.10 The
resulting performance improvement has been of tremendous commercial value.
Strain engineering has also played a key role in altering the behavior of ferroelec-
tric materials, allowing for the creation of materials that simultaneously exhibit
large spontaneous electrical and magnetic polarizations, deviating from the be-
havior of the bulk material.11 Another approach towards modifying the electronic
band structure of materials has been to grow complex thin film heterostructures,
one monolayer at a time, achieving one-dimensional atomic precision to achieve
desired material behavior.18 Atomically precise graphene nanoribbons provide an
opportunity to change the band structure of a material by fabricating materials
with control over the position of each atom, pushing fundamental limits in mate-
rials design. For atomically precise GNRs synthesized via solution-synthesis, dry
contact transfer (DCT) enables atomic-scale characterization to assist with struc-
tural validation and electronic characterization. For graphene nanoribbons of the
same chirality and family, as the width of the graphene nanoribbon increases, the
bandgap is expected to decrease.19 Verification of width-dependent bandgaps has
1Material in this chapter is modified and reproduced with permission from M. M. Pour, A.
Lashkov, A. Radocea, X. Liu, T. Sun, A. Lipatov, R. A. Korlacki, M. Shekhirev, N. R. Aluru,
J. W. Lyding, V. Sysoev, and A. Sinitskii, ”Laterally extended atomically precise graphene
nanoribbons with improved electrical conductivity for efficient gas sensing” Nature Communi-
cations, 2017, in press.
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been shown experimentally, as demonstrated by the N = 7,3 N = 14,4, 13 and N
= 214, 13 AGNRs . Understanding how the band structure of a GNR changes
when there is a non-trivial width modification while working with complex GNR
geometries, or increasing the width of a GNR only at selected sites requires more
investigation.
The addition of a fluoranthene subunit at the edges of zigzag graphene nanorib-
bons (ZGNRs) dramatically alters their band strucure.23 The 6Z GNR was found
to have a bandgap of 1.3 eV with a valence band state (VB) at -0.3 eV and a
GNR conduction band state (CB) at + 1.0 eV. In comparison, 6ZGNRs with
fluoranthene groups attached to the edges have 0.3 eV bandgaps with VB and
CB states at -0.15 eV and +0.15 eV respectively. The side groups also reduced
the interaction between the zigzag GNRs and the gold substrate, allowing STS
measurement of the GNR DOS without the need to place the ZGNRs onto an
insulating NaCl layer. Since the measurements of the edge-modified ZGNRs were
performed directly on a gold substrate, an increased screening interaction may
also decrease the measured bandgap.14, 21 More work is needed to understand
how increasing the width of a GNR at only selected sites alters GNR bandgaps.
Towards this end, an extended chevron GNR (eGNR) was synthesized and char-
acterized. The extended chevron GNR consists of a chevron backbone with an
additional naphthalene group attached at the outer elbow site oriented normal to
the GNR longitudinal axis. The chevron GNR and the eGNR are shown in Figure
3.1 along with their corresponding molecular precursors. Solution-synthesis was
carried out by the Sinitskii group using the precursor molecules shown in Figure
3.1. Since these graphene nanoribbons have never been previously studied, scan-
ning tunneling microscopy plays a key role in confirming their structure. Scanning
tunneling spectroscopy provides electronic characterization to evaluate structure
property relationships and measure changes in electronic structure that arise from
structural modifications.
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3.2 Extended Chevron GNRs
The extended chevron GNR was studied on H:Si(100) to enable a direct compar-
ison to the parent chevron geometry while ruling out any substrate effects. The
surface is prepared by heating Si(100) at 600 °C for 8 x 10-16 hours under UHV
(base pressure 5 x 10-11 Torr) to removed adsorbates. The sample is then rapidly
heated to 1200-1250 °C for up to 30 seconds over three or more cycles with the last
cycle lasting 10 seconds. The sample is then slowly cooled to 377 °C and exposed
to 1200 Langmuir of atomic hydrogen produced by a heated tungsten cracking
filament in a background pressure of 1 x 10-6 Torr of H2. The substrate is then
cooled to room temperature, and imaged with STM to verify substrate cleanli-
ness. GNR solution synthesis results in a powder which is coated onto a frayed
fiberglass applicator for dry contact transfer. The DCT applicator is degassed un-
der UHV for 8-16 hours, and repeatedly pressed against the silicon surface under
UHV until GNRs are found.
STM imaging of the eGNRs on H:Si(100) (Figure 3.2) shows the characteristic
chevron geometry. In Figure 3.2c some intraribbon resolution is visible, which
corresponds to the electronic structure of the graphene nanoribbon. The uniform
height of the graphene nanoribbon is most clearly seen in Figures 3.2 b-e indi-
cating complete cyclodehydrogenation has occurred. As compared to the STM
characterization of cGNRs on H:Si(100), the eGNRs were more difficult to image
on the surface. Often under typical imaging conditions for the imaging of cGNRs,
sample bias: -2 V, tunneling current: 10 pA, the eGNRs were found to be mo-
bile. As a result, the imaging resolution that could be obtained has been limited.
One possible reason for the increased mobility of the eGNRs on H:Si(100) is that
the additional naphthalene group alters the GNR-H:Si(100) interaction analo-
gous to the way fluoranthene side groups decreased the GNR-Au interaction for
6ZGNRs.23 The decreased electronic coupling for the case of the ZGNRs could
also indicate that side groups may reduce attractive forces between the GNR and
the substrate, reducing the barrier for diffusion.
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The dimensions of the eGNR and cGNR are compared in Figure 3.3. The
length scales are calibrated to the silicon lattice. Height profiles taken along the
solid white lines in Figure 3.3a,b along and across the nanoribbon are shown in
Figure 3.3c-f. The expected 1.7 nm period is observed for both the eGNR and the
cGNR.3 While the cGNR has an apparent width of 2.2 nm, the apparent width of
the eGNR is 2.45 nm, which is consistent with increased lateral extension. Since
scanning tunneling microscopy detects the sample’s local of density of states, it
does not reflect the true atomic positions. Furthermore, the tip has a finite width
leading to tip convolution effects that result in a lateral width measurement that
is larger than would be expected from considering only atomic positions (1.7 nm
for the cGNR). Although a difference in the apparent height (0.4 nm for the eGNR
and 0.28 nm for the cGNR) is measured, the 0.40 nm height of the eGNR falls
within the distribution of heights that has been previously observed for cGNRs
on H:Si(100).23
3.3 Scanning Tunneling Spectroscopy of Extended
Chevron GNR
The results of first principles computational modeling carried are shown in Figure
3.4. DFT predicts that the additional extension of the chevron GNR will change
the bandgap from 1.6 eV (3.78 GW correction) to 1.38 eV (3.38 GW correction).
Notably the dispersion relation is altered as well, and the increased slope of the
conduction and valence bands indicates that the eGNRs are expected to have
a smaller effective mass than the cGNRs. Scanning tunneling spectroscopy is
performed to experimentally determine the bandgap of the eGNR. While an STM
topograph is being collected in constant current mode, the tip is paused at selected
locations, and I-V spectroscopy is collected with the feedback loop suspended.
During variable spacing mode, the tip is moved a few angstroms closer to the
surface than the setpoint distance along a linear ramp so that at zero sample bias
the tip is closest to the surface. Variable spacing spectroscopy provides additional
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sensitivity to very small tunneling signals to aid in band edge determination.
The normalized tunneling conductance, dI/dV/(I/V ) which is proportional to the
local density of states is numerically calculated from the I−V data. To accurately
compare bandgaps of GNRs, band onsets must be systematically determined. In
the DCT study of graphene flakes on H:Si(100) by Ritter and Lyding, bandgaps
were found by examining normalized dI/dV spectra. The band edge position was
assigned as the intersection between the noise floor and straight lines fit to the
tails of the conduction and valence bands.24 For the narrow atomically precise
graphene nanoribbons studied here, the bandgap of the silicon (1.1 eV) is smaller
than that of the GNRs (2-3 eV), so the noise floor cannot be used to determine the
band edge position. For GNRs on Au(111) a similar problem occurs because the
gold surface state lies inside the bandgap of the GNR.28 To overcome the challenge
of a nonzero tunneling conductance (dI/dV ) near the GNR band onsets, the band
edge position is determined to be the intersection between straight lines fit to the
tail of the GNR bands and the substrate states.28 An example of band onset
determination is shown in Figure 3.5a. The schematic in Figure 3.5b illustrates
the overlap between silicon and GNR states.
STM topographs of three eGNRs are shown in Figure 3.5c-e. Dashed lines in-
dicated show positions where I-V spectroscopy was collected. The numerically
calculated normalized tunneling conductance maps (dI/dV )/(I/V ) are shown in
Figure 3.5f-h. To determine the bandgaps of the eGNRs, the band onsets were
assigned at each position along the eGNR, and the average position of the CB
and VB onsets was used to determine the bandgaps. By combining all three
measurements, an average eGNR bandgap of 2.66 eV ± 0.5 eV is determined.
In comparison, a similar analysis of STS measurements performed for solution-
synthesized chevron GNRs on H:Si(100) reveals a bandgap of ˜2.76 ± 0.3 eV.
The experimentally measured bandgap of eGNRs is smaller than the theoretically
predicted bandgap determined with the GW approximation (3.38 eV, Figure 3.4)
due to a surface polarization effect,6, 20, 25 which decreases the GNR bandgap. A
bandgap smaller than predicted with the GW approximation is consistent with
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similar data obtained for other atomically precise GNRs.6, 25 The STS measure-
ments reveal that eGNRs have a slightly smaller bandgap than cGNRs, which is
consistent with the results of computational simulations (Figure 3.4) and the pre-
dicted effect of lateral extension. In contrast to the modification of 6ZGNRs with
fluoranthene side groups, attaching naphthalene units at the elbows of eGNRs
results in a modest bandgap decrease.
3.4 Porous Graphene Nanoribbons
Graphene nanopores have drawn great interest because of their ability to modify
the electronic structure of graphene1, 22, 27 as well as for use in DNA sequenc-
ing,9, 26 molecular sieving,15 and water desalination.5 Experimental demonstra-
tions of porous graphene have previously been limited by top-down fabrication
methods which lack control over nanopore size and position.7 The bottom-up self-
assembly approach has produced ordered polyphenylene networks on size scales
of tens of nanometers, but not ordered porous graphene.1, 2 Forming ordered
covalent porous materials is challenging due to the difficulty of preventing void
and defect formation. This work shows the first experimental demonstration of
atomically precise nanopores embedded into graphene nanoribbons.
The structure of the porous GNR (hGNR) studied here, shown in Figure 3.6d,
resembles a chevron graphene nanoribbon with two additional naphthalene groups
at the outer elbow oriented 60 degrees relative to the GNR transverse axis. An
additional C-C bond leads to a closed pore. If the pores were filled, the GNR
would be equivalent to an N=15 armchair GNR. STM topographs of hGNRs on
H:Si(100) reveal surprising features. One would expect the pores to be imaged
as depressions yet protrusions appear at the expected pore locations (Figure 3.6).
The graphene nanoribbon has straight edges, and the protrusions are located
at alternating sides of the ribbon, as expected from the hGNR structure. A
height profile along the length of the ribbon shown in Figure 3.6b shows that the
protrusions are 1.5 Å taller than the surrounding GNR. The apparent height of
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the GNR away from the protrusions is 2.1 Å. The structural model (Figure 3.6d)
indicates an expected width of ˜1.7 nm. The apparent width of the GNR is 2.4
nm, which is slightly larger than the width observed for the chevron GNR (Figure
3.3).
A semitransparency effect allows the underlying silicon dimer rows to be seen
underneath the graphene nanoribbon.12 The length of the GNR and the trape-
zoidal shape suggests that the GNR is made up of 9 monomers. The tall feature at
the right of the GNR may have been formed by tearing during the DCT process.
Figure 3.6c shows a three-dimensional rendering of the STM topograph in Figure
3.6a to better visualize the heights of the protrusions.
STM topographs collected in constant current mode are a result of the convo-
lution of the density of states of the tip with that of the substrate and reflects
both electronic and topographic features. Regions with high conductivity ap-
pear brighter because the same tunneling current is achieved with the tip farther
from the surface. To investigate whether the observation of protrusions rather
than depressions are a result of an electronic effect, images at several biases were
collected. Figure 3.7a-c show topographs collected at -2.0V, -1.5 V, and -1.3 V
respectively. While at -2.0 V protrusions are observed at the expected pore loca-
tion, at a sample bias of -1.5 V valleys appear. Further decreasing the sample bias
to -1.3 V allows the underlying substrate to be visible suggesting that the sample
bias is within the bandgap of the GNR. It is expected that as the sample bias
is decreased, the silicon features will become more pronounced since the GNR
bandgap is larger than that of the substrate. Figure 3.7d shows an overlay of
the GNR structure to indicate the pore positions. A height profile (Figure 3.7e)
shows a pore period of 1.75 nm, close to the expected 1.7 nm value.
3.5 Scanning Tunneling Spectroscopy of Porous GNRs
To better understand how pores modify the band structure of atomically precise
graphene nanoribbons, STS experiments were performed. The results are com-
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pared to first principles computational modeling. Figure 3.8a shown an STM
topograph of an hGNR on H:Si(100). The pores are not resolved, however pe-
riodic modulations along the edge of the GNR are consistent with the expected
1.7 nm period. STS I-V data were collected along the white dashed line. The
normalized tunneling conductance is numerically calculated and potted in Figure
3.8b. The conduction band features a distinct state at the center of the GNR, and
another state located at the ends of the GNR. The valence band shows similar
behavior, with a distinct state at the center of the GNR, and another set of states
at the GNR ends. The bandgap between the states at the ends of the GNR is
2.73 eV, while the separation between the states at the center of the GNR is 1.76
eV.
The GW approximation for cGNRs predicted a bandgap of 3.8 eV, yet experi-
mentally a 2.76 eV bandgap was measured. For hGNRs, the GW approximation
predicts a 2.89 eV bandgap (Figure 3.8f) for infinite hGNRs (Figure 3.8e), roughly
0.9 eV smaller. The 1.76 eV bandgap measured in Figure 3.8b is roughly 1.0 eV
smaller than the average bandgap found for cGNRs, consistent with the expected
behavior of the hGNR bandgap. In contrast, the STS map shown in Figure 3.8d
shows a bandgap of 2.50 eV, which is significantly larger than expected for hGNRs
based on the considerations above, and probably results from additional quantum
size effects due to the short length of the hGNR (Figure 3.8c). To verify whether
the observed states are due to the GNR, the substrate, or if any states can be
attributed to the GNR pores, the DOS of a 9-monomer long GNR (Figure 3.8g)
was simulated. Since DFT underestimates bandgaps by as much as 50%, the
simulated DOS should not be used to directly compare energy positions. Instead,
the emphasis should be on comparisons between the experimental and expected
spatial distribution of the local density of states, and the energy level ordering.
The four simulated electronic states corresponding to the VB-1, VB, CB, and
CB+1 states labeled in in Figure 3.8h have a spatial distribution that is plotted
in simulated LDOS maps in Figure 3.8k. State 1 (VB-1) is expected to have a
nearly uniform DOS across the GNR, with a nearly even distribution of DOS
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between the pores and the GNR edges. State 2 (VB) is expected to have a DOS
concentrated at the ends of the GNR, with the density concentrated at the pore
locations. State 3 (CB) is expected to be concentrated long the edges of the GNR.
State 4 (CB+1) shows a significant DOS at the GNR pores, and is expected to
span the entire length of the GNR. These results disagree with the experimentally
measured normalized dI/dV map (Figure 3.8i) which clearly show that the CB
and the VB states are expected to be concentrated at the center of the GNR while
the CB+1 and the VB-1 states are located at the ends of the GNR.
One potential reason for the disagreement could be that there is an energetic
splitting of the GNR states due to magnetic ordering, which is not captured by
the present set of DFT simulations which do not consider spin. Magnetic ordering
leads to an energy splitting in zigzag GNRs causing them to be magnetic.16, 17, 23, 29
Non spin-polarized DFT simulations of periodic graphene nanopores with periodic
boundary conditions reveal that not all graphene nanopores lead to semiconduct-
ing behavior. For a hexagonal graphene nanopore array of the same size present
in the hGNRs, the band structure depends strongly on the pore separation.22
When the pore separation along the armchair direction is an odd number of car-
bon atoms, the nanopore arrays are predicted to be metallic, analogous to the
predicted behavior for zigzag GNRs. Spin-polarized DFT studies show that when
the graphene sublattices are symmetric in porous graphene systems, no magnetic
ordering takes place.8 For triangularly shaped pores there are degenerate bands
at the Fermi level, and since there are a different number of atoms on each sublat-
tice, according to Lieb’s rule magnetic ordering is expected as is observed from the
spin-polarized DFT calculations.27 However it should be noted that Lieb’s rule
fails to predict magnetic ordering in zigzag GNRs which feature an equal number
of sublattice sites. Additional scanning tunneling spectroscopy and spin-polarized
DFT modeling may assist in reaching better agreement between theoretical mod-













Figure 3.1: The precursors (a) 6,11-Dibromo-1,2,3,4-tetraphenyltriphenylene ,
(b) 2-([1,1’:2’,1”-terphenyl]-3’-yl)-6,11-dibromo-1,4-diphenyltriphenylene, and (c)
2-([1,1’:4’,1”:4”,1”’-quaterphenyl]-2”-yl)-6,11-dibromo-1,4-diphenyltriphenylene
are used to synthesize chevron graphene nanoribbons (cGNRs), extended









Figure 3.2: (a-d) STM image of eGNR on H:Si(100) samples bias: -2V tunneling
current: 10 pA (e) STM image of eGNR on H:Si(100) sample bias: -2 V
tunneling current: 0.1 nA (e) STM image of eGNR on H:Si(100) sample bias: -3
V tunneling current: 50 pA (g) STM image of eGNR on H:Si(100) sample bias:
-2.5 V tunneling current: 10 pA (h) Length distributions of eGNRs imaged with
DCT. The mean length is found to be 15.6 nm.
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Figure 3.3: (a) STM image of eGNR on H:Si(100). Scale bar is 5 nm. Scan
parameters: -2 V, 10 pA. (b) STM image of cGNR on H:Si(100). Scale bar is 5
nm. Scan parameters: -2V, 10 pA. (c,d) Height profiles along lengths of eGNR
from panel (a) and cGNR from panel (b), respectively, showing the expected 1.7
nm period. (e,f) Height profiles across width of eGNR and cGNR showing an




DFT gap: 1.61 eV
GW gap: 3.78 eV
Extended chevron GNR
DFT gap: 1.38 eV
GW gap: 3.38 eV 
a b c d
Figure 3.4: (a) structural model for chevron GNR, with the black square
indicating the unit cell. (b) Band structure calculated with DFT for an infinite
chevron graphene nanoribbon. The estimated bandgap is 1.61 eV. With the GW
approximation, a rigid shift of the bands occurs, and the bandgap is estimated
to be 3.78 eV. (c) Structural model for the extended chevron GNR indicating
the eGNR unit cell. (d)Band structure calculated with DFT and the GW
approximation showing a 1.38 eV bandgap and a 3.38 eV corrected bandgap.
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Figure 3.5: Scanning Tunneling Spectroscopy of eGNR on H:Si(100). (a)
Normalized dI/dV trace corresponding to horizontal dashed line in (c). (b) A
schematic illustrating that silicon and GNR states overlap, leading to a
superposition of states that is experimentally measured. (c-e) STM topographs
of eGNRs on H:Si(100). Scale bars are 5 nm. Scan parameters: -3 V, 10 pA.
The dashed lines indicate positions where scanning tunneling spectroscopy data
was collected. (f-h) Normalized dI/dV spectra maps collected along dashed line
indicated in (c-e) with band onsets indicated. The valence band onsets are
indicated by magenta points, and the conduction band onsets are shown in cyan.














Figure 3.6: STM image of porous graphene nanoribbon on H:Si(100) collected at
a sample bias of -3 V and tunneling current of 10 pA, scalebar 5 nm (a)
Close-up showing graphene nanoribbon transparency as well as periodic
protrusions at expected pore locations. (b) Height profile along solid white lines
in (a) showing a roughly 20 Å spacing between the protrusions, consistent with
the expected GNR structure. The nanoribbon height is 2.1 Å relative to the
H:Si(100) substrate and the protrusions are 1.5 Å taller than surrounding GNR.
Line profile 2 shows a GNR width of 2.4 nm, larger than the expected 1.72 nm
width. The increased apparent width is caused by tip convolution as well as the
lateral extension of the local density of states. (c) Three-dimensional view of
STM topograph in (a). (d) Structure of the porous graphene nanoribbon
structure and expected dimensions
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Figure 3.7: STM images of porous graphene nanoribbon on H:Si(100) collected
at various sample biases. (a) At -2.0 V alternating protrusions are visible near
the expected pore locations. (b) At -1.5 V valleys appear near pore locations (c)
At -1.3 V valleys are clearly visible, along with a substrate transparency effect.
The tunneling current is 10 pA and the,scalebars are 5 nm. (d) overlay showing




Figure 3.8: (a) STM image of hGNR on H:Si(100). Sample bias: +2.0 V
tunneling current: 0.1 nA (b) Normalized dI/dV map collected along the dashed
line in (a) A 1.76 eV energy separation is found between the CB and VB states.
A 2.73 eV gap is measured between the CB+1 and VB-1 states. (c) STM
topograph of a short hGNR on H:Si(100). -2.0 V tunneling current: 0.1 nA (d)
Normalized dI/dV map collected along dashed line in (c). A 2.50 eV bandgap is
measured. (e) Structural model for an hGNR. (f) Calculated band structure for
infinite hGNR. (g) Structural model of a 4.5 unit-cell GNR, consistent with the
lengths of the GNRs observed in both (a) and (b). (h) Partial density of states
(PDOS) plot indicating the positions of states 1-4. The green bar indicates
expected energy broadening of 0.1 eV at room temperature. (i) Close-up of the
STS map shown in (b) (j) Simulated LDOS map obtained by integrating the
LDOS of the GNR across its width. (k) Simulated LDOS images
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4.1 Background and Motivation
One of the most promising routes for controlling the bandgap of graphene is
the bottom-up synthesis of graphene into nanoribbons from bromoaromatic pre-
cursors. While this approach forms nanoribbons with well-defined widths and
atomically precise armchair edges that are necessary to ensure bandgap unifor-
mity, thermal synthesis does not adequately address the problem of positional
control, hindering the fabrication of graphene nanoribbon transistors. To address
this challenge we use UHV STM to demonstrate spatial control over the polymer-
ization of 10,10-dibromo-9,9-bianthracene (DBBA) into polyanthrylene (PA) on
Au(111). STM imaging shows that precursor molecules assemble into non-covalent
two-dimensional islands. By varying sample temperature during and after depo-
sition, we observe three different adsorbate arrangements. Polymerization of the
molecules is initiated by tunneling electrons at sufficiently high sample bias. By
moving the tip along a controlled path, polyanthrylene nucleation is positionally
controlled. This work highlights the feasibility of electron-driven polyanthrylene
formation, indicating a path towards positional control of graphene nanoribbon
synthesis.
Graphene is a two-dimensional honeycomb lattice of carbon atoms. The high
carrier mobility of graphene makes the material particularly attractive for com-
puting, where high switching speeds are desirable. Because graphene has no
bandgap, its use is limited to applications such as transparent electrodes, and
ultrahigh frequency transistors, where low on-off ratios are tolerable.24 Opening
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a bandgap in graphene is paramount for controlling its transport characteristics
and expanding graphene’s uses.26 Strategies for band-gap engineering of graphene
include chemical modification via fluorination,30 hydrogenation,2 or oxidation22 as
well as applying a bias to bilayer graphene.39 These approaches are not sufficient
because the bandgap of the resulting material is too small, the high mobility
is lost, or thermal and chemical stability is poor. Alternatively, the bandgap of
graphene can be controlled by lateral confinement in the form of rafts or ribbons.38
But because the band structure of such quantum confined forms of graphene de-
pends sensitively on the width and length of the raft or ribbon, and also on
the structure of the edge (zigzag vs. armchair), it is crucial to ensure that these
structural attributes are precisely controlled.29 One way to achieve such control is
through bottom-up synthesis from precursors designed to form ordered graphene
nanostructures. For example, when adsorbed monolayers of 10,10-dibromo-9,9-
bianthracene (DBBA) on gold surfaces are heated, they self-assemble by means
of dehalogenation and dehydrogenation reactions into atomically precise armchair
graphene nanoribbons (GNRs).13 There is considerable interest in the synthesis
of GNRs by such thermally driven reactions.3, 17, 1
Although this thermal method gives GNRs with precisely controlled widths
and edge structures, the positions and the orientations of the resulting GNRs are
more or less random, and this lack of control greatly complicates the formation
of contacts to such structures and their integration into devices.37, 25 Alignment
of GNRs in particular orientations can be achieved by taking advantage of step
edges on the underlying surface, but much more precise control over the position
of GNRs will be needed for reproducible device fabrication on a large scale.14
In general, controlled top-down nanostructure formation at the atomic scale is
challenging due to the difficulty in positioning individual atoms and molecules.
Here we describe a method for growing GNRs at precisely controlled positions
and orientations by locally driving chemical synthesis using a scanning tunnel-
ing microscope (STM). The ability of STM to precisely deliver tunneling elec-
trons that interact with molecules using sub-angstrom positional control enables
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atomic engineering of nanostructures. One mode for inducing chemical modifi-
cations of surfaces is inelastic tunneling manipulation, where tunneling electrons
access available conduction pathways using vibrational modes, and excitations of
those modes lead to bond stretching and dissociation events.34 While thermal
assembly of aromatic molecules on noble metal surfaces has been studied exten-
sively6, 19, 5, 16 there have been few reports of the electron-mediated assembly of
aromatic molecules on surfaces. In one study, the irradiation of 1,1-biphenyl-
4-thiols on copper with 50 eV electrons from an electron flood-gun afforded a
cross-linked carbon nanomembrane, which on annealing formed graphene.28 In an-
other study, STM-induced dehydrocyclization was used to form two-dimensional
organometallic thienoanthracene networks at a sample bias of +3V.32 Addition-
ally, electrons from an STM tip were used to couple iodobenzene into biphenyl
on Cu(111) at 20 K.21 Also relevant here is the observation that STM imaging of
DBBA on Cu(111) at +3.5 V at 5.6 K leads to debromination, but not covalent
coupling.20 STM tips can also induce the dehydrocyclization of partially dehydro-
genated ribbons8 and short segments of polyanthrylene that are decoupled from
the Au(111) substrate.8, 27
The studies mentioned above indicate that interaction of surface adsorbates
with the tunneling current from an STM tip can drive both dehalogenation and
dehydrogenation reactions, suggesting that it should be possible to achieve the
tip-induced fabrication of graphene nanostructures from bromoaromatic com-
pounds. If suitably designed, bromoaromatic compounds can form atomically
precise edges, and are constrained to linking up along one spatial dimension min-
imizing the potential for disorder. DBBA on Au(111) is a particularly effective
system for STM manipulation because individual molecules are mobile enough
for room temperature diffusion yet ensembles of molecules self-assemble into two
dimensional islands that are stable at room temperature. With the molecules
held in place, a controlled dose of electrons can be delivered to a fixed number
of molecules; increasing the likelihood that debromination will take place. Be-
cause the C-Br bonds are the weakest in bromoaromatic compounds, choosing an
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appropriate energy for the tunneling electrons should lead to selective breaking
of these bonds. After dehalogenation, the molecules should polymerize. In this
work, we confirm this hypothesis, and demonstrate the feasibility of a hybrid top-
down/bottom-up approach towards a direct write process for fabricating GNRs
at room temperature.
4.2 Experimental Setup
Experiments were performed with a home-built ultra-high vacuum (UHV) STM
(base pressure 5 x 10-11 Torr). Au(111) on mica was prepared by magnetron
sputtering ex-situ. The samples were degassed overnight before using STM imag-
ing to confirm surface cleanliness prior to use. 10,10’-Dibromo-9,9-bianthracene
(98%, AK Scientific, Inc.) was degassed for > 24 hours in UHV. The precursor
was thermally sublimed onto the surface in-situ using a home-made evaporator.
The substrate was either held at room temperature during deposition, heated
during deposition to 40 – 80 °C or held at room temperature during deposition
and then heated to 100 °C for 20 minutes. The gold substrate was heated by
passing current through a silicon backing. Substrate temperature was determined
after STM characterization by removing the sample from the vacuum chamber,
clamping a thermocouple to the Au(111) surface, and replacing the sample in the
load lock. The load lock was pumped down to 5 x 10 -9 Torr and then the sample
temperature was measured as a function of heating power. STM imaging and ma-
nipulation experiments were performed at room temperature. The models for the
arrangement of DBBA and PA were constructed and rendered using VMD.23, 35
4.3 Monolayers of DBBA
Understanding how 10,10-dibromo-9,9-bianthracene (DBBA) adsorbs onto Au(111)
is a critical step towards using the STM to control the polymerization of polyan-
thrylene. The initial STM studies of DBBA, showing that it could thermally
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self-assemble into atomically precise GNRs on Au(111)14 did not provide STM
images of the isolated monomer. Furthermore, some have reported that at low
surface coverages, DBBA is highly mobile and difficult to image at room temper-
ature.15 A model of DBBA is shown in Figure 4.1. The molecule consists of two
anthracene units joined by a single C-C bond, which allows the two halves of the
molecule to rotate with respect to each other. Because of steric hindrance between
adjacent hydrogen atoms, the two lobes twist relative to each other, lifting the
molecule from the substrate. DBBA adsorbs onto substrates in one of two enan-
tiomers which are indicated in Figure 4.1a.31 The chirality of the monomer may
play a role during polymerization, due to an additional activation barrier needed
to overcome steric hindrance when monomers of opposite chirality attempt to cou-
ple. STM images of DBBA typically reveal a pair of round protrusions for each
molecule, which correspond to the uppermost portions of the bianthryl lobes, at
the locations indicated by the blue circles in Figure 4.1a.,149, 20 The rotation angle
between the two anthracene units is known as the dihedral angle (Figure 4.1b),
and as the dihedral angle increases, the separation between the two uppermost
protrusions of a DBBA molecule increase.31 When viewed from the top-down,
the orientation of the molecule may be ambiguous. An enantiomer rotated by 90
degrees forms the same two-lobe pattern as its chiral opposite (illustrated in Fig-
ure 4.1c). At low coverages, isolated DBBA molecules evaporated onto Au(111)
are not observed at room temperature due to the high diffusivity of the species.
At higher surface coverages, the molecules self-assemble into two-dimensional is-
lands with three structures depending on the sample history, which are referred
to as the columnar zigzag, armchair, and close-packed zigzag structures (Figure
4.2). DBBA molecules deposited onto Au(111) at room temperature assemble
into a structure characterized by a near-rectangular 1.80 x 0.93 nm unit cell. The
molecules form rows of alternating protrusions along the row direction (Figure
4.2a); each pair of protrusions corresponds to the upper halves of the two stag-
gered anthracene rings of a single DBBA molecule. The 0.93 nm repeat distance
along the row direction is larger than the 0.84 nm repeat distance seen for co-
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valently linked polyanthrylene species,14 which strongly suggests that the DBBA
molecules are not covalently linked to one another. This latter finding is con-
sistent with the observation that DBBA does not spontaneously polymerize on
Au(111) at room temperature.14, 33, 4 The 0.93 nm repeat distance is too short to
allow the C-Br bonds to point along the row axis. The 1.80 nm repeat distance
from row to row, however, leaves enough room for the C-Br bonds to be directed
into the spaces between the rows.
The proposed arrangement of the DBBA molecules in the columnar zigzag
structure is depicted by the model in Figure 4.2c. This arrangement is similar
to that seen for DBBA self-assembled at room temperature on Cu(111),20 except
that the 1.1 nm repeat distance observed on Cu(111) along the row direction is
larger than the 0.93 nm spacing we observe on Au(111). The zigzag structure
previously reported for self-assembled DBBA deposited on Au(111) at room tem-
perature and imaged at 77 K showed a significantly larger repeat distance of 1.25
nm.14 STM manipulation of DBBA deposited onto Au(111) revealed that each
lobe was from an individual DBBA molecule.10 The 0.76 nm lobe-to-lobe spacing
and the lattice spacings observed in Figure 4.2a are too small to accommodate
two molecules.10 The discrepancy probably reflects different coverages. At high
coverages, intermolecular interactions may decrease the dihedral angle of DBBA,
allowing for packing at higher densities.31 Manipulating the structure with the
STM tip readily disrupts the self-assembled network, indicating that the struc-
ture is non-covalent (Figure 4.3). Islands disrupted by the tip re-assemble at a
different orientation relative to the gold lattice. If the deposition of the DBBA
molecules is conducted while the Au(111) substrate is heated to ˜40 to 80 °C,
an armchair structure results (Figure 4.2b) that is characterized by a 2.6 x 1.4
nm oblique unit cell (γ = 102.4°). This arrangement agrees with previous obser-
vations of DBBA self-assembled on Ag(111) at room temperature.14, 31 We note
that this configuration was previously observed for DBBA on Ag(111) at low sur-
face coverages of up to 0.4 ML.31 The DBBA molecules are arranged in rows of
alternating enantiomers, with the C-Br bonds rotated slightly from the normal
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to the row axis (Figure 4.2f) The anthracene subunits within each molecule are
staggered as usual, and neighboring molecules are of opposite chirality. The 2.6
nm lattice vector along the row corresponds to two molecular units so that the
molecules are spaced with a repeat distance of 1.3 nm along the row; and the per-
pendicular repeat distance from row to row is 1.4 nm. On Ag(111) a 2.36 nm x
1.51 nm unit cell was reported.31 Because the armchair structure is not observed
on Au(111) during deposition at room temperature, a kinetic barrier may be as-
sociated with its formation. Alternatively, differences in surface coverage may
change the conformation of the molecules. This self-assembled armchair structure
is non-covalent, as shown by the molecule-molecule distance, and by the ability
to disrupt the structure with STM manipulation (Figure 4.5). Further annealing
of the armchair structure results in polyanthrylene and nanoribbon formation.
If DBBA is deposited onto Au(111) at room temperature and the surface is
then annealed at 100 °C for 20 minutes, a close-packed zigzag structure is formed
which is characterized by an 2.9 x 1.6 nm rectangular unit cell which contains
four DBBA molecules. Figure 4.2i depicts a tentative structure to explain the
observed STM images in Figure 4.2g,h. The proposed structure features rows
of DBBA dimers. Each dimer consists of two molecules parallel to each other,
with the C-Br axis of each molecule rotated by 60° relative to the row axis. The
two molecules inside the dimer are of opposite chirality and translated from each
other. The angle between the row direction and the C-Br axis alternates between
+ 60° and – 60° between adjacent rows. The intermolecular spacing inside a dimer
is 1 nm. Height profiles used to measure distances are shown in Figure 4.4. The
close-packed zigzag structure was used to demonstrate tip-induced polyanthrylene
formation.
4.4 Tip-induced polymerization of DBBA
After depositing DBBA onto Au(111) held at room temperature and subsequently
annealing at 100 °C to form the close-packed zigzag structure imaged in Figure
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4.2g, no polyanthrylene islands were observed. Typical imaging of the close-packed
zigzag structure is non-perturbative at a sample bias of -2 V. However, scanning at
a sample bias of +2 V is sufficient to polymerize the self-assembled DBBA-based
radicals into polyanthrylene. Figure 4.6 shows a molecular island (a) before and
(b) during scanning at a sample bias of +2 V and a tunneling current of 10 pA.
Although entire scan areas are exposed to tunneling electrons, polymerization
begins stochastically, and several scans can be necessary for polyanthrylene to
form and reach a size large enough to become immobilized for characterization.
The images acquired at a sample bias of +2 V (Figure 4.6b,d) show streaky regions
indicating an unstable tip-sample junction, but the tunneling junction is more
stable when imaging at a sample bias of -2 V (Figure 4.6c,e). The structures that
appear in the lower-left portion of Figure 4.6e are consistent with polyanthrylene
chains. The measured period is 0.78 nm (Figure 4.6g) which is similar to the
0.84 nm repeat distance previously observed for polyanthrylene.14 Importantly,
the small period excludes non-covalent species which would be expected to have
larger inter-molecular spacings. Figure 4.7 shows another example of tip-induced
polyanthrylene formation via STM manipulation at a sample bias of +2 V. The
chains formed have a height taller than expected. As shown in Figure 4.7c,f the
chains are 0.45 nm higher than the surrounding close-packed zigzag structure,
which suggests a two-layer polyanthrylene island. In Figure 4.7c, the anthracene
subunits are more clearly resolved.
The PA chains formed via STM manipulation align parallel to each other, how-
ever they line up at a variety of orientations relative to the close-packed zigzag
structure. Figure 4.7d shows the angles observed for PA chains formed by five
tip-induced polymerization experiments. The PA orients at angles in intervals
of 30 degrees, indicating possible alignment to the Au(111) surface. The chains
do not grow strictly parallel to the C-Br axis indicated in the proposed close-
packed zigzag structural model (Figure 4.2i), and do not align to the row axis
of the DBBA lattice. The chains in each island do align parallel to each other,
indicating a possible self-templating effect, where PA chains can more easily grow
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adjacent to an already formed PA island. Examining the orientation of the PA
islands with respect to the close-packed zigzag conformation of DBBA indicates
that significant structural rearrangement is required, involving the rotation of
each DBBA monomer.
After the sample is scanned at a positive bias to initiate PA, the lengths of the
PA chains increase with time while the sample is imaged at a bias of -2 V and a
tunneling current of 10 pA (Figure 4.8). Gaps in the one-dimensional structure,
as shown by the red circles in Figure 4.8, may be caused by steric hindrance pre-
venting the growing chains from fusing because neighboring anthracene units have
the same tilt directions. Designing molecular precursors without steric constraints
during coupling could enable the growth of longer graphene nanoribbons.
Although covalent coupling of aryl halides is highly exothermic, diffusion bar-
riers and the presence of adsorbed halogen atoms produced by dehalogenation
provide activation barriers for covalent coupling.7As previously mentioned, X-ray
photoelectron spectroscopy (XPS) studies show that thermal dehalogenation of
DBBA on Au(111) begins at temperatures as low as 100 °C, but PA formation
does not occur until 200 °C.33, 4 It has been suggested that the presence of surface-
bound bromine atoms inhibit diffusion of the DBBA-derived radicals and pre-
vents polymerization at lower temperatures,4 but that above 200 °C the adsorbed
bromine atoms and radicals become mobile enough to enable polymerization to oc-
cur. Temperature programmed desorption studies indicate that bromine does not
desorb until temperatures above 250 °C.11 The observation of room temperature
polymerization suggests that the exothermic nature of aryl coupling on Au(111)
is sufficient to rearrange surface adsorbates and drive the coupling reaction.
Initiation of tip-induced polymerization can be enhanced by increasing the sam-
ple bias to +3 V and the tunneling current to 50 pA. Under these conditions, mov-
ing the tip in a straight line indicated by the arrow in Figure 4.9b, corresponding
to a dose of 3 x 10 -4 C/cm, causes polyanthrylene chains to nucleate along the
path of the tip and grow along several directions. The polyanthrylene growth
direction does not appear to be directly aligned to the orientation of the self-
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assembled DBBA molecules. In subsequent scans the size of the polyanthrylene
island continues to increase, showing that the polymerization reaction continues
following initiation. The final polyanthrylene island is shown in Figure 4.9d.
4.5 Structure of polyanthrylene islands on Au(111)
The sample was further annealed to a temperature of 130 °C to drive thermal
debromination of DBBA and coupling of reactive monomers into polyanthrylene.
The sample was found to have regions of close-packed zigzag islands, disordered
regions, and polyanthrylene islands. A high-resolution close-up of a polyanthry-
lene island not formed via STM manipulation reveals details about the stacking of
the two-layer polyanthrylene islands. The STM topograph shown in Figure 4.11a
indicates a period of 0.77 nm for both the upper and lower polyanthrylene layers
(height profiles shown in Figure 4.11e-f). The height profile shown in Figure 4.11d
indicates a 0.32 nm height difference between the two PA layers and a 2.41 nm
spacing between the upper PA chains. The apparent height of the second layer
may be lower than the expected 0.4 nm due to tip convolution effects. In Figure
4.11a, region ii provides imaging of the lower PA layer enabling determination of
the structural motif. Triangles in both the STM topograph (region i) and a struc-
tural model (Figure 4.11b and Figure 4.11c) are used to label the enantiomers
based on the ordering of the uplifted polyanthrylene units. The PA chains in the
first layer form into pairs of enantiomers, with neighboring pairs having opposite
chirality. Two PA chains are of the same chirality when the positions of the up-
lifted subunits are the same with respect to the length coordinate, and of opposite
chirality when the uplifted unit is shifted by a half unit cell. Polyanthrylene chains
in the second layer sit directly on top of every other row of the first layer, match-
ing the chirality of the chain on which they rest, resulting in attractive π stacking
interactions.20 As indicated by the phase slip in region ii, enantiomers in the
second layer do not assemble adjacent to each other suggesting that PA-substrate
interactions may be necessary to overcome repulsive interactions between adjacent
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chains. Surface coverage may also influence the arrangement of the second layer.
On another sample, a polyanthrylene island surrounded by gold was found.
Height profiles in Figure 4.10 reveal an apparent height of 0.78 nm relative to
the bare gold, indicating that the PA island is two layers high. The edges of the
island have an apparent height of 0.5 nm, which is consistent with the expected
height of single layer of polyanthrylene.14, 24
To help verify the proposed polyanthrylene structure, a sample annealed to
a temperature sufficient for complete aryl-aryl coupling as well as cyclodehydro-
genation was examined (Figure 4.12). By annealing the armchair DBBA structure
shown in Figure 4.2b, graphene nanoribbons could be formed. However, not all
of the polyanthrylene could be converted to graphene nanoribbons, and polyan-
thrylene was observed on top of the graphene nanoribbons. The top layer of
polyanthrylene does not undergo complete cyclodehydrogenation due to separa-
tion from the gold substrate which catalyzes the cyclodehydrogenation reaction.24
Two neighboring polyanthrylene chains are found to have a peak-to-peak separa-
tion of 1.3 nm, and an anthracene subunit spacing of 0.78 nm in agreement with
single layer polyanthrylene (Figure 4.12c-d). The apparent height of the polyan-
thrylene chains was found to be 0.4 nm relative to the surrounding graphene
nanoribbons, in agreement with previous measuremnts.24
Several gaps are visible in the top layer of polyanthrylene. Possible explana-
tions may include partial dehydrogenation, the intercalation of bromine atoms, or
stacking errors which arise when neighboring units of opposite chirality are unable
to covalently bond due to steric hindrance. Partial dehydrogenation can be ruled
out because the period along the chain inside the gaps is always 0.77 nm, rather
than the expected 0.42 nm N=7 armchair graphene nanoribbon period.13 It is
possible that the height variations may be caused by the presence of intercalated




Since PA is expected to have a smaller bandgap than unreacted monomers, elec-
tronic characterization can help confirm its identification.9 STS data was obtained
using PA formed on another sample prepared by depositing DBBA onto Au(111)
held at room temperature, and annealing to an estimated temperature of 80 °C
for 10 minutes. On this sample coexisting PA and DBBA islands were found,
indicating nonuniform heating may have interfered with an accurate estimate of
the sample temperature. Conversion of DBBA into PA was observed while scan-
ning at -2 V. Figure 4.13a shows an STM topograph of a PA island that has
begun forming adjacent to self-assembled DBBA molecules. In Figure 4.13b the
PA island has expanded into the region previously occupied by the unreacted
molecules. STS data (Figure 4.13d) indicate a 3.25 eV bandgap, in agreement
with the value previously reported for PA.18 Denk et al. plot dI/dV data and
estimate a 3.7 eV bandgap using points halfway along linear slopes at the edges
of the conduction and valence bands. Using their data, a 3.1 eV bandgap can be
deduced by taking the intersection of the band edges and the noise floor. This
is directly compared to the I-V data presented in Figure 4.13d. A recent paper
reports that the a second layer of polyanthrylene has a larger bandgap due to a
decreased screening interaction, and by applying the same analysis to their data,
a 3.5 eV bandgap is determined for PA sitting on top of graphene nanoribbons.24
The initial arrangement of the species in the close-packed zigzag structure is de-
scribed by a 1.6 nm x 2.9 nm unit cell has a surface density of ˜0.84 bianthracene
units / nm2. The observed PA structure can be described by a 2.4 nm x 0.77 nm
unit cell that contains 1.5 bianthracene units per unit cell at a surface density of
˜0.81 bianthracene units / nm 2. Because of the close match in surface density,
the underlying molecules provide enough monomers to form the two-layer PA is-
lands. The results suggest that tip-induced formation of PA is carried out via
tip-induced C-Br bond cleavage which is followed by exothermic aryl coupling.
The released energy can form additional reactive monomers, and rearrange the
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nearby molecules to enable polymerization. Polymerization may terminate when
the growing chains reach the end of the DBBA island (Figure 4.13), however in
many cases the entire island is not consumed. Possible termination mechanisms
include stray H atoms binding to the reactive ends of the chains36 and full dissipa-
tion of energy to the substrate before the reactive monomers can orient themselves
into favorable positions for aryl coupling to take place.
4.7 Conclusion
The molecule DBBA forms monolayers on Au(111) of different structures de-
pending on the temperature during and after dosing. The results suggest that
the self-assembly process is governed by kinetic barriers that can prevent self-
assembled molecules from ordering into structures that minimize their free energy,
however the surface coverage may also influence the conformation of the adsor-
bates. Significantly, we demonstrate the tip-induced polymerization of DBBA into
polyanthrylene with nanoscale control. This is the first demonstration of electron
mediated polyanthrylene synthesis, as well as the first example of tip-induced
Ullmann coupling at room temperature. The dehydrogenation of the polyanthry-
lene chains into GNRs is currently being investigated as a method to control the






    
Figure 4.1: (a) Model of DBBA on Au(111). Gray spheres indicate carbon,
white spheres indicate hydrogen, and red spheres indicate bromine. The overlaid
blue circles indicate the uppermost portions of the DBBA molecules which are
most readily imaged with STM due to the twisting of the anthracene units.
Upon adsorption onto a surface, DBBA forms one of two enantiomers, both of
which are drawn above. (b) The dihedral angle, φ, is indicated. Larger dihedral
angles indicate strong substrate-molecule interactions.(c) The positions of the
two uppermost protrusions are same for DBBA and its enantiomer rotated by
























Figure 4.2: (a) DBBA deposited on Au(111) at room temperature assembles
into a columnar zigzag structure. (d) DBBA deposited on Au(111) at 40-80 °C
forms an armchair structure. (g) A close-packed zigzag structure is observed
after annealing the columnar zigzag structure at 100 °C for 20 minutes. (b,e,h)
Close-ups of the DBBA molecules in images (a-c) showing the unit cells. (c,f,i)
Proposed structural models for the DBBA conformations observed in STM
images a-c. The left half of f uses a height-based colormap, with blue being the
tallest portion of the DBBA molecule and red being the lowest. The blue
protrusions trace out the armchair structure visible in the STM images in d,e.






Figure 4.3: Sequence of scanning tunneling microscopy images of “columnar
zig-zag” DBBA island (a) before and (b) after tip-induced manipulation. The
tip was moved at 100 Å/s while being lowered 35 Å relative to its equilibrium
position resulting in a 3 Å deep trench carved into the surface. All STM images
acquired at -2V 10 pA. c-f, After manipulation the self-assembled molecules are
disturbed exposing the clean gold surface which shows atomic resolution of the
herringbone reconstruction (d-f). The molecules re-assemble with a new
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Figure 4.4: (a) STM topograph showing a close-up of the close-packed zigzag
structure. sample bias: -2V tunneling current: 10 pA (b) Height profile collected
along line 1 in (a ) indicating a 1.63 nm intermolecular spacing along the row
direction. (c) Height profile collected along line 2 in (a) showing a 2.91 nm
spacing along the inter-row direction. (d) magnified view of a portion of (a)
showing the closed packed zigzag unit cell (white rectangle). The blue rectangle
indicates a single DBBA molecule. (e-f) Height profiles along lines 3 and 4





Figure 4.5: Sequence of scanning tunneling microscopy images of an “armchair”
DBBA island (a) before and (b-d) after tip-induced manipulation. The tip was
moved at 100 Å/s along the arrow shown in (b) while being lowered 12 Å
relative to its equilibrium position. All STM images acquired at -2V 10 pA. b-d,
After manipulation the self-assembled molecules are pushed away from the path
of the tip. The molecules fill in the empty space, as the edges of the DBBA
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Figure 4.6: (a) Self-assembled DBBA deposited on Au(111) at room
temperature and annealed at 100 °C for 20 minutes. Sample bias: -2V tunneling
current 10 pA. (b-f) The same area over time, scanned at a sample bias of +2V
(b, d), or -2V (c, e, f) and a tunneling current of 10 pA. Several polyanthrylene
chains have formed in (e). (f) Higher resolution image of the polyanthrylene
chains in (e). (h) Height cross-section along the line indicated in (f) showing a












Figure 4.7: (a) STM image of an area before tip-induced manipulation. sample
bias: -2 V tunneling current: 10 pA (b) Region from (a) during tip-induced
manipulation. sample bias: +2 V tunneling current: 10 pA (c) Image taken over
the same region at -2.0 V showing the formation of multiple chains. The black
lines indicate lines used to determine the orientation of the chains relative to the
arrangement of the close-packed zigzag structure. (d) Angles between
close-packed zigzag row direction and the longitudinal axis of chains formed by
tip-induced manipulation. The angles were determined from a series of
manipulation attempts. Only the chains in the second layer are counted. (e)
Height profile collected along chain formed by tip-induced manipulation,
indicated by a solid white line in (c) showing a 0.77 nm period along the chain.





Figure 4.8: (a) STM image of polyanthrylene island formed via electron
mediated assembly. Imaging at -2 V 10 pA. (b) Subsequent scan shows an
increase in the length of polyanthrylene chains in the area shown by the blue
circle. Two additional bumps correspond to the addition of one monomer. The
red circle indicates a defect where growing chains do not fuse due to steric







Figure 4.9: (a) Self-assembled DBBA deposited on Au(111) at room
temperature and then annealed at 100 °C for 20 min. Imaged at -2 V 10 pA. (b)
The tip was moved in a vertical line over the surface at +3 V, 50 pA, and a dose
of 3 x 10-4 C/cm tracing the path indicated by the arrow in (b,d).
Polyanthrylene chains formed along the path of the tip. (c) Profile along
polyanthrylene chain showing a period of 0.78 nm. (d) Large scan showing that


























Figure 4.10: (a) Close-up of a polyanthrylene island showing a double-layer
structure. Gaps visible in the upper polyanthrylene layer are caused by chirality
mismatches between neighboring polyanthrylene segments. Region i shows the
structure of the polyanthrylene island which consists of a lower layer with a row
separation of 1.2 nm and an upper layer with a 2.4 nm row separation. Region ii
near the top of the image there is a phase boundary, and the upper
polyanthrylene chain changes its alignment relative to the lower layer. In region
iii several monomers unattached to polyanthrylene chains are visible. Sample
bias -2 V tunneling current 10 pA (b) Top down view of showing the structural
model of the polyanthrylene island. The lower layer consists of parallel
polyanthrylene chains separated by 1.2 nm. The rows are grouped into pairs
that have the same chirality, which alternate between adjacent pairs. The upper
layer consists of parallel chains with a 2.4 nm period and also alternates its
chirality. (c) Side-view of the structural model indicating that the top layer of
polyanthrylene sits directly on top of the row underneath. (d) Height profile
measured along line 1 showing that the separation between the uppermost
polyanthrylene chains is 2.41 nm, and the height difference between the top and
lower PA layers is 0.32 nm. (e-g) Height profiles along lines 2-4 showing that he
period of the polyanthrylene is about 0.77 nm for both the upper and lower
layers. (h) Height profile over a single layer high region showing that the












Figure 4.11: (a) STM topograph showing polyanthrylene islands surrounded by
bare gold. Sample bias -2 V tunneling current 10 pA (b) Height profile taken
along line 1 showing a 0.78 nm height for the polyanthrylene island and a 2.43
nm chain separation. (c) Height profile taken along line 2 showing a 0.21 nm
height for the Au(111) step edge, a 0.75 nm height for the polyanthrylene island,















Figure 4.12: (a) STM topograph of graphene nanoribbons and polyanthrylene
on Au(111) formed by annealing the armchair structure shown in Figure 4.2b.
sample bias: -2 V tunneling current: 10 pA (b) Height profile taken along the
line indicated by 1 showing a 0.4 nm height of the polyanthrylene chain relative
to the graphene nanoribbons, indicating it is a layer above the graphene
nanoribbons underneath.(c) Height profile taken along line 2 in (a) indicating a
1.3 nm distance between the two neighboring polyanthrylene chains. (d) 0.78







Figure 4.13: Scanning tunneling microscopy images illustrating tip-induced
polymerization of 10,10’-dibromo-9,9’-bianthracene on Au(111). (a)
Self-assembled DBBA deposited at room temperature and annealed at 80 °C for
20 minutes. Sample bias: -2 V tunneling current 10 pA. A polyanthrylene island
forms next to non-covalently bonded DBBA molecules. (b) The polyanthrylene
island grows away from the step edge, covering the area previously occupied by
the DBBA molecules. (c) close-up indicating the region used for collecting
scanning tunneling spectroscopy data (d) Constant spacing scanning tunneling
spectra showing a bandgap of 3.25 eV.
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CHAPTER 5
SUMMARY AND FUTURE WORK
5.1 Summary
Chapter 1 motivates the study of atomically precise graphene nanoribbons. Due
to their high mobility and high thermal conductivity, graphene nanoribbons may
prove to be a suitable material for next-generation transistors. A literature review
summarizes the progress in understanding and controlling the synthesis of GNRs,
highlighting the importance of atomic precision. The significant challenges that
arise – cleanly placing GNRs onto device-relevant substrates, a lack of detailed
electronic characterization due to the interference of metal surface states, and the
need to control the orientation and positions of GNRs were explored in this thesis.
Chapter 2 established that the dry contact transfer method is suitable for char-
acterization of solution-synthesized atomically precise graphene nanoribbons. By
cleanly placing chevron graphene nanoribbons (GNRs) onto H:Si(100), detailed
electronic characterization was achieved allowing for the determination of a 2.8
eV bandgap,21 approaching expected theoretical values.3, 27 Due to the atomically
thin nature of graphene nanoribbons, the substrate could be imaged underneath
the GNRs due to a semitransparency effect.11 Tunneling to the substrate had a sig-
nificant influence on STS measurements and comparisons between CITS data and
first principles computational modeling were instrumental in distinguishing the
electronic states of the GNR from those of the H:Si(100) substrate. The bandgap
of cGNRs on H:Si(100)21 is larger than the bandgap of cGNRs on Au(111)26
indicating a reduced substrate screening effect. When a cGNR was placed in
direct contact with Si(100) via hydrogen depassivation lithography, metallic be-
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havior was observed. Alongside changes in the apparent height and width of the
GNR in the STM topographs, the modified electronic structure of the cGNR pro-
vides strong evidence of silicon-carbon bond formation. GNR junctions formed by
overlapping graphene nanoribbons did not show any significant changes in their
bandgaps.
STM and STS of two additional GNR geometries, the extended chevron GNR
(eGNR) and the hybrid GNR (hGNR) elucidated how structural modification al-
ters the bandgap of GNRs. The increased lateral extension of the eGNR decreased
the bandgap by ˜0.1 eV. When the chevron graphene nanoribbon geometry was
modified by closing the inner elbows to form pores, there was a very significant
decrease in the bandgap on the order of 1 eV. Further work is needed to fully char-
acterize the spatial distribution of the observed electronic states. Overall DCT of
GNRs offers a highly useful approach towards characterizing solution-synthesized
graphene nanoribbons and obtaining STS measurements free from the influence
of metallic surface states.
Chapter 4 outlined experiments investigating positional control over graphene
nanoribbon synthesis via tip-induced polymerization of DBBA. The STM exper-
iments suggest that DBBA molecules self-assemble into different conformations
depending on the sample history. Both temperature and surface coverage are
expected to influence the arrangement of the molecules. Structural models were
proposed for the observed molecular arrangements and the close-packed zigzag
structure was found to polymerize into polyanthrylene islands at a positive sam-
ple bias. The mechanism is believed to be tip-induced de-bromination which is
followed by exothermic aryl coupling.2 The energy released during polymerization
may dissipate to the substrate as well as via the rearrangement of the underlying
molecules into polyanthrylene islands which requires rotation and small displace-
ments of the molecules which have activation barriers on the orders of tenths of
an eV.2 While the close-packed zigzag islands and the polyanthrylene islands have
similar surface densities of ˜0.8 monomers per nm2, the polyanthrylene islands do
not align with respect to the arrangement of the intact molecules. There resulting
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polyanthrylene chains do align parallel to each other, at orientations in intervals
of 30 ° indicating registration to the underlying Au(111) lattice.
5.2 Future Work
The fabrication and characterization of a well-controlled single-GNR transistor is
a significant remaining challenge. A systematic approach may focus on identifying
a suitable substrate, evaluating GNR contacts, and optimizing the GNR structure.
For substrate optimization, the work function and bandgap of the substrate are
the key parameters to consider. Ideally, the bandgap of the substrate is larger than
the bandgap of the GNR to minimize leakage current during transistor operation.
Silicon nitride, silicon carbide, Ti(100),16 or boron nitride14, 15 may be suitable
options. For CNTs, the work function of the substrate can lead to charge transfer
that alters the doping level,22 and similar behavior has yet to be investigated
for GNRs. Studying intrinsic and nitrogen containing chevron GNRs on n-type
and p-type Si(100) at a variety of substrate dopant concentrations could provide
substantial experimental progress towards substrate optimization.
Demonstrating ohmic contacts to graphene nanoribbons is another interesting
problem. The contact material can change whether graphene is n-type or p-type
via work function doping,8 and provides a way of overcoming stringent dopant den-
sity distribution requirements for atomic-scale devices. Graphene contacts may
also be used to make GNR transistors.5 A detailed investigation of GNR-graphene
interfaces via STS under UHV would determine whether an ohmic contact is
formed. CNT-GNR interfaces may also be worth investigating. One route towards
forming such interfaces is edge-dehydrogenation of graphene nanoribbons at el-
evated temperatures. A similar approach was used to fuse porphyrin molecules
to graphene on Ag(111).12 In-situ transistor fabrication via STM nanolithogra-
phy, analogous to the UHV-STM fabrication of a single atom transistor7, 18, 19, 23
could be pursued to make GNR devices and assess their feasibility for commercial
applications.
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GNR transistor fabrication is greatly inhibited by a lack of control over align-
ment and positioning. For large-scale commercial applications, global alignment
is highly desirable. One potential avenue for achieving large area alignment is the
direct-growth of GNRs onto a silicon or germanium substrate. It should be noted
that when using methane as a precursor, aligned GNRs can be grown on Ge(111),
although without atomic precision or control over GNR width.13 Aligned poly-
merization on Si(100) has been well-documented for polystyrene on Si(100),1, 28
and there may be a molecule that can both align to the Si(100) surface and form
graphene nanoribbons. Identifying a suitable GNR precursor for growth on sil-
icon is challenging because silicon-carbon bond formation is favorable for many
organic molecules in contact with Si(100).6, 9, 10, 20, 24, 25
Presently cove-type GNRs appear to promise the highest mobilities while main-
taining significant bandgaps4, 17 however other types of GNRs can be fine-tuned for
specific applications. Continuing to characterize the growing number of solution-
synthesized graphene nanoribbons can aid in the quest for optimizing the geometry
and chemical modification of GNRs for transistor formation.
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